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PREFACE 


• This book was begun at the Kaiser Wilhelm Institut fiir 
physikalische Chemie in Berlin-Dahlem, it was continued at the 
Pflanzenphysiologisches Institut of the University of Graz, and 
it was completed at the Stazione Zoologica at Naples. Finally it 
was completely rewritten at Graz. 

I have enjoyed the writing of it. Partly because of the kindly 
help of Prof. Weber and the pleasant discussions we have had 
together, partly because of the pleasure I have had in looking up 
old references to forgotten literature. 

In present-day biology there is a tendency to avoid criticism. 
One does not like to hurt the feelings of one’s fellow workers. And 
biologists seem particularly sensitive to criticism. When I began to 
write, I thought first that I would make no mention of work that 
I knew to be incorrect. It was Prof. Weber who urged me to discuss 
all papers good and bad. This in general I have done, although 
I have usually not attempted to consider the writings of those 
speculative authors whose work has been limited to an expression 
of opinion or the development of theory. 

The modern biologist often reads only summaries or abstracts 
of papers. He scarcely has time to do more. As a result, he is apt 
to take an author’s statements at their face value. Accurate 
trustworthy data receive no more attention than conclusions based 
on the flimsiest sort of evidence. Both are cited equally. The 
result is that our biological knowledge, and especially our knowledge 
of the physiology of the cell, is an unfortunate mixture of the true 
and the false. Perhaps, as some optimistic scientists insist, the 
true will eventually be sifted from the false. But why not hasten 
the sifting process ? An incorrect observation or a wrong conclusion 



As one reads the literature of cellular physiology, as one runs 
across some incorrect statement cited over and over again, one 
often wonders if there might not be some means of preventing 
obviously false statements from finding their way into the litera- 
ture. Perhaps, now and then, it might be possible for isolated 
workers to send their manuscripts away for criticism. I, for 
one, have frequently benefited by the critical help of others, 
and I should be only too glad to extend any critical help in my 
power to authors who might wish to send their manuscripts 
to me. 

The science of the colloid chemistry of protoplasm is barely 
beginning. One could scarcely hope to develop the subject on a 
thoroughly logical basis. For this reason I have for the most part 
considered the experimental data piece by piece. Thus the book 
contains chapters on the effect of temperature, on the effect of 
acids, etc. Later, when the colloid chemistry of protoplasm is better 
understood, one may perhaps be able to write a book in which the 
subject is divided on the basis of the fundamental properties of 
“khe protoplasmic colloid, rather than on the basis of the type of 
treatment to which it is subjected. ' 

Wherever possible, I have tried to indicate lines of research 
that might prove profitable. It is my hope that these hints may 
prove useful. Even in those cases in which I state that experiments 
of my own have been started in one direction or another, I do not 
feel that this should stand in the way of other workers who might 
wish to begin investigation in the same field. 

The book was written during the tenure of a Guggenheim 
Fellowship. The author wishes to thank the donors of the fellow- 
ship for the opportunity of spending a year away from the demands 
of teaching, away too from the disturbances and distractions of 
American university life. Thanks are also due to Prof. Weber for 
the use of his splendid collection of reprints on the physical che- 
mistry of protoplasm, to Prof. Linsbauer of Graz for the use of 
the library of the Pflanzenphysiologisches Institut, to Prof. Bohmig 


may start many workers on false trails and may involve a huge 
waste of scientific time. 
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of Graz for the privilege of using the library of the Zoologisches 
Institut, a library which is remarkably rich in the older literature, 
and to Prof. Freundlieh and Dr. Ettiseh of the Kaiser Wilhelm- 
Institut of Berlin for answering questions of a physico-chemical 
nature. Finally thanks are due to Frau Prof. Weber for the con- 
scientious care with which she redrew those figures which were 
copied from other authors. 

Graz, May 1928 L. Y. Heilbrunn 


For aid in correcting proof, I am especially indebted to Prof. 
J. W. Wilson of Brown University, and to Mr. L. G. Barth. 

Woods Hole, September 1928 
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CHAPTER I 

INTRODUCTION 

During the nineteenth, century it became customary to 
think of living things as being made up of a special sort of ma- 
terial, the protoplasm. This might differ in various organisms, 
or in various parts of the same organism, but it was thought 
that all living substance, no matter w r here it was found, had 
certain characteristic properties not shared by the non-living. 
These characteristics were not usually stated in terms of the 
protoplasm itself, but rather in terms of vital function. Thus 
protoplasm could reproduce, it could grow T , it breathed, that is 
to say it gave off carbon dioxide. In this way, the living pro- 
perties of the organism as a whole were transferred to the stuff 
of which the organism was made. Although in some respects 
this is a useful point of view r , it is far more important to be able 
to describe protoplasm directly in terms of what it is, rather than 
in terms of what it can do. 

In books on biology, protoplasm is usually described as a 
viscous hyaline liquid. Probably it is a liquid, at least typically, 
although many recent authors have contended otherwise. To 
say protoplasm is viscous means little or nothing. Water is viscous 
in comparison with many other fluids, hut in comparison with 
glycerine it is highly fluid. Speaking broadly, most protoplasm 
is quite hyaline, although the work of Keilin ’25 indicates a 
wide distribution of pigments in living cells. 

The microscopic appearance of protoplasm has been the 
subject of countless studies, and the knowledge that has been 
built up has been gathered together in various books on cytology. 
Protoplasm is typically in the form of cellular units, each with 
a nucleus. The structures found within these cells are of different 
sizes and shapes, hut on the whole there is a thorough-going 
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similarity in, the cells of very different types of living material. 
In the next chapter some of the more essential facts regarding 
cellular morphology will be briefly enumerated. For the present 
let it suffice to say that morphological study has clearly demon- 
strated that living material, although never quite the same in 
different animals and plants, nevertheless presents a remarkable 
constancy of appearance when viewed under the microscope. 
Thus two animals of extremely different form and size are fre- 
quently found to have cells which are surprisingly similar. 

Chemical study has shown this similarity to be more than 
a matter of form. Analyses of different animals and plants have 
yielded the same elements and the same types of compounds. 
There are differences to be sure. In some cases specific types 
of chemical compounds are found only in some organisms and 
not in others. But all living things are alike in that they are a 
salt water solution of proteins with an admixture of fats or 
lipoids. ' -CvC 

It was in the nineteenth century that the underlying unity 
of life was first stressed. The cell theory and the evolution theory 
are only two aspects of such a point of view. More than anything 
else, it was this emphasis on the fundamental similarity of living 
organisms that made the development of theoretical biology 
possible. If each type of organism and each type of cell were 
totally unique, there would be a million biologies instead of a 
single science of biology, and the human mind could hardly 
attempt to solve such a vast myriad of enigmas. The knowledge 
that living things are remarkably similar has given the biologist 
courage to proceed with his investigations. Fortunately problems 
that are completely insoluble for certain types of organisms 
are relatively simple for others. And the results that have been 
gained for one type of living thing are often generally applicable. 
The laws of inheritance which were established for the garden 
pea aye laws which apply to the inheritance of human characte- 
ristics. Ether, which was found to be anesthetic for human 
cells, is an anesthetic for most of the simpler organisms as well. 

In stressing the similarity of living mechanism, it must not 
be forgotten that there are innumerable differences in various 
types of living material. It is true that there is one science 
of biology, but it is a science with infinite variations. Certain 
biological truths are well-nigh universal, others are relatively 
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specific. It is never safe to assume that what is true for one sort 
of protoplasm is true for another. Only experiment can decide. 
Sometimes what we might be inclined to regard as a general 
truth is extremely limited in its application, whereas another' 
fact apparently specific may he found to apply to many different 
types of living substance. It is a natural tendency for a student 
of one particular sort of protoplasm, to imagine that his results 
are of importance for every sort of protoplasm. The history of 
biological thought has shown the necessity of continual guard 
against .such a tendency. Often enough what is true for the cells 
of one animal is not true even for the corresponding cells of a 
closely related animal. 

There are facts about protoplasm which hold good for practi- 
cally every type of living substance. And these are the facts 
which are most worth knowing. If it is true that all living cells 
manufacture carbon dioxide, in making this statement it is pos- 
sible in a single sentence to give information regarding millions 
‘of types of protoplasm. This is far more important than to know 
that some special sort of cell is able to produce a specific chemical 
compound. The human mind can not hope to be all-knowing. 
We must cling to the facts which are broadly and generally true, 
and leave the specific details to gods and encyclopedias. But 
it is not merely a question of memory. Those characteristics of 
protoplasm which are universal are almost certain to be intimately 
related to the machinery of the living process, whereas a charac- 
teristic peculiar to a few cells must be related rather to the iife 
of these particular cells than to life in general. The biologist 
whose primary interest is to gain an insight into the mechanism 
of life can well afford to neglect specific properties of certain 
types of protoplasm in focusing his attention on those properties 
which are universal. 

Certain types of protoplasm are far more favorable for study 
than are others. Animals high in the evolutionary scale are made 
up of vast numbers of cells for the most part closely bound to- 
gether. To be seen under the microscope these cells must usually 
be isolated, or at any rate cut up into smaller masses. Under 
these conditions abnormality or death frequently results. True, 
the newer methods of tissue culture have done much to make 
possible the maintenance of life in cells cut out from large masses 
of tissue, and perhaps in the future, cells in tissue culture will 
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CHAPTER 1 

more- frequently be investigated by the student of living proto- 
plasm. There are problems in the physiology of the cell for which 
the tissue culture method seems particularly suitable. Some 
types of cells are isolated in nature. Protozoan cells, yeast cells, 
the eggs of marine invertebrates, all these are familiar examples. 
An isolated cell is relatively easy to study. It must not be too 
small. With our present methods of study, no one could hope 
to learn much about the inner machinery of bacteria cells. On 
the other hand, not all large cells are favorable material. A bird’s 
egg is made up mostly of yolk and investing membranes, only 
a small fraction of it is protoplasm, and what protoplasm there 
is can only be examined microscopically under conditions which 
involve the death of the cell. Protozoa have often been used in 
the study of protoplasm. Easy to obtain, in all seasons and in 
all places, the cells are often of a very convenient size for mi- 
croscopic examination. Unfortunately many protozoan cells are not 
as simple as was formerly thought. They may be provided with 
neuromuscular systems or with various other miniature organs' 
which give the protojalasm a high degree of specialization. Except 
for its food vacuoles and its contractile vacuoles, such organs 
are lacking in ameba, and it is thus easy to understand why this 
organism has so frequently been chosen for study by the student 
of protoplasm. 

The egg cells of marine invertebrates have many advantages. 
They are large enough for thorough-going microscopic investi- 
gation, and yet often not so large as to be opaque. Many of them 
are quite transparent. Most invertebrate eggs are spherical. 
It is thus easy to estimate their volume. This is an important 
matter, for in many experiments it is essential that the volume 
of the cell remain constant. In any given species, the egg cells 
are usually of very uniform size. This is an advantage such 
material has in comparison with protozoan material, in which 
there is usually great variation in the size of individual cells. 
It is of course true that marine eggs can only be studied at certain 
stations and often only at certain times of year, but when the 
material is available, it is generally present in great abundance. 
Obviously not all marine eggs are equally valuable for purposes 
of study. Some worm and mollusk eggs are shed when they are 
in the metaphase of the first maturation division. If such eggs 
are subjected, to almost any chemical or physical treatment 
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they immediately react b,y throwing off a polar body. It is there- 
fore difficult to study the effect of chemicals on these eggs, 
for the experiment is usually complicated by the onset of the 
maturation process. For many purposes the sea-urchin egg is 
ideal. When shed or cut out of the ripe ovary, it is fully 
mature. Sea-urchin eggs can usually be obtained in large quanti- 
ties, and the breeding season is very long, often lasting for 
many months. 

Because of their many advantages, sea-urchin eggs have 
been widely used in protoplasm studies. Although these cells 
are devoid of all specialized organs and organelles, nevertheless 
it must he remembered that an egg cell is only one type of living 
substance and that any results gained with this sort of protoplasm 
can only provisionally he applied to other sorts of protoplasm. 
It is unfortunate that so few types of cells lend themselves to 
experimental study. The student of protoplasm should be ever 
on the lookout for new types of material. 

For some purposes, the protoplasm of slime molds is espe- 
cially useful. It occurs in large aggregates, and for this reason 
it offers unique opportunities for experiments on protoplasm 
in mass. Some authors have found the cells of various algae 
convenient for study. Algae often have very large cells, but in 
these instances most of the content of the cell is usually vacuole. 
This introduces complications, as does also the presence of a 
chromatophore like that of Spirogyra. Nevertheless the Spiro - 
gyra cell has frequently been used to advantage in protojdasm 
studies. 

The cells of higher plants are also useful for many purposes. 
On the average these cells are larger than the cells of animal 
tissues, and most of them are relatively undifferentiated. In 
many plant cells the protoplasm is normally in a state of motion 
and this has often proven very helpful to the students of plant 
protoplasm. The speed of movement of the protoplasm is readily 
measured and may frequently serve as an index of changes in 
the physical properties of the living substance. The many studies 
of protoplasmic streaming which have been made in the past 
will be even more useful when a satisfactory mechanical expla- 
nation of the phenomenon is arrived at. 

The first eytologists studied and described the morphology 
of protoplasm. Later, with the development of the science of 
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biochemistry, conclusions could be drawn regardin 


.s: the che- 


mical composition of the living substance. Until recently the 
physical properties of protoplasm have been field for specu- 
lation rather than for exact study. This is in part due to the 
intrinsic difficulty of making a physical study of such tiny objects 
as living cells. Chemical study is in some respects easier. One 
can analyze large masses of cells and be certain that the chemical 
compounds found in the entire ensemble are also present in the 
individual units. Rut many physical properties are not additive. 
The surface tension of a mass of cells is not the sum of the surface 
tensions of the single cells. The electric potential difference across 
a tissue can certainly not be calculated from the electrical potential 
difference across an individual cell, or vice versa. Generally if 
one is to obtain information concerning the physical properties 
of protoplasm one must study the individual cellular units. This 
is a broad statement and is not to be taken too exactly. Never- 
theless, in the main, it is true. 

To the biophysicist, protoplasm is chiefly interesting from the 
standpoint of mechanics. True, living cells give off heat and 
electricity, and some or perhaps all give off light radiations. But 
this energy is more in the nature of a by-product. Fundamentally 
the living cell is a machine which functions mechanically. The 
movement of a cell is essentially a problem in mechanics. 
When a cell grows, the primary physical factors, as far as we 
know, are such processes as diffusion and osmosis. A cell divide* 
in a complicated mechanical fashion. Thus, from the standpoint 
of physics, it is the mechanics of protoplasm that is of the first 

importance. . • 

In the physical study of the living cell, there have been two 
chief lines of investigation. Following the lead of .Pfeffer, 
many authors have studied the osmotic properties of protoplasm. 
Cells are osmometers or osmotic machines, and they behave as 
such. In any osmometer the nature of the osmotic membrane 
is of primary importance. Within relatively recent years cellular 
physiologists have given a great deal of attention to the study 
of the permeability of the osmotic membrane of the living cell. 
There can he no question hut that this is a subject that deserves 
full and careful study. Unfortunately, as is now generally re- 
cognized, many of the results that have been published do not 
stand critical examination. At present it seems just as important 
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to attempt an evaluation of the older experiments, as to make 
new ones. Prom the large mass of papers that have been published, 
certain facts stand out fairly clearly. The relative ease with which 
different types of chemical compounds pass through the osmotic 
membrane of the cell seems to be quite well understood. On 
the other hand there is still a great difference of opinion as to 
the relation of permeability of the osmotic membrane of the 
cell to the activity of the protoplasm. 

Important as are the osmotic properties of the .cell and the 
cell membrane, they represent but one aspect of the physical 
study of protoplasm. The living substance is not a homogeneous 
material; beyond any question it is a colloid. In the study of 
colloids the physicist and the physical chemist have gathered 
together a vast body of information which forms a definite 
branch of physics and is called colloid chemistry. It is possible 
to study the colloidal behavior of protoplasm as well as its os- 
motic behavior. We are thus led to a colloid chemistry of 
protoplasm. 

What is colloid chemistry and what are colloids ? The de- 
finitions are somewhat arbitrary. When one substance is mixed 
with another its molecules may be scattered in such a fashion 
that each molecule is distinct. Or the molecules may form larger 
aggregates. Generally speaking -when one component or substance 
is scattered through another so that the individual particles 
are larger than 1 jx/x (0.000001 mm.) and smaller than 200 fxfx, 
the particles are said to be colloidal particles, and the entire 
mixture is spoken of as a colloidal solution. Colloid chemistry 
is the science of colloidal solutions, solutions whose dispersed 
particles have dimensions between 1 fi/x and 200 jx/u. Some 
substances of high molecular weight, for example proteins, have 
molecules so large that the individual molecules may be regarded 
as colloidal particles. The upper limit of size of colloidal particles, 
200 [xju, is a purely arbitrary one. Ordinarily particles smaller 
than 200 juju in diameter can not be seen with the microscope, 
and it is for this reason that this particular dimension has been 
chosen, But colloid chemists do not take the definition of their 
science too seriously. In general, when a material is dispersed 
so that its particles are larger than molecules or smaller than 
200 ix /x, the resultant solution has certain typical properties 
which are not found in true solutions or in very gross suspensions. 


8 CHAPTER I 

But there is nothing magical about these size limits. A suspension 
with particles just barely visible under the microscope differs 
in no way from one with particles just too small to be visible. 

Broadly speaking, a colloidal solution has dispersed particles 
large enough so that they show the properties of matter in mass 
rather than the properties of individual molecules. Frequently 
the colloidal particles of any one chemical substance tend to 
adsorb at their surfaces traces of other materials, and these added 
materials often have a decided effect on the physical behavior 
of the entire particle. The entire particle with its adsorbed sub- 
stances is sometimes referred to as a micella. 

From the time that colloid chemistry first appeared as a 
science, no one has doubted that protoplasm is a colloid. The 
very fact that it is largely composed of proteins indicates that 
it must have colloidal properties. Materials of biological origin 
have always occupied a prominent position in the science of 
colloid chemistry. Milk and blood are colloids, so too is a solution 
of egg albumin. Gelatin, so often studied by colloid chemists in 
recent years, is a derivative of living tissue. 

Many biologists have stressed the importance of developing 
a science of the colloid chemistry of protoplasm. But progress 
has not been rapid. For a long time, ideas with regard to the 
colloid chemistry of protoplasm were of two sorts. In the first 
place, it has been common practice among physiologists to explain 
every biological process in every sort of tissue by some postulated 
colloidal change in the protoplasm of the tissue cells. Such phi- 
losophical speculation was indulged in by the best and most 
prominent physiologists of the latter hah of the nineteenth 
century ; and as a matter of fact, this type of explanation still 
remains very popular in certain branches of physiology. 

A more scientific, though hardly a more successful method 
of attack, was the method of analogy. Various inanimate colloids 
were, for one reason or another, chosen as being similar to protoplasm . 
The colloidal behavior of these relatively simple colloids was then 
studied as though it were the behavior of protoplasm itself. 
In the absence of other methods of study there is some justifi- 
cation for this type of work. Unfortunately the colloids chosen 
as models of protoplasm were extremely unlike the living sub- 
stance. Consider gelatin for example. More conclusions have 
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been drawn about the colloidal properties of protoplasm from a 
study of gelatin than from a study of any other colloid. And 
yet in its fundamental behavior gelatin is entirely different from 
animate material. From the first it has seemed certain that 
protoplasm is coagulated by heat, and recent direct evidence 
supports this general notion. On the other hand, gelatin is liquefied 
by heat. Moreover gelatin solutions are gels at room temperature, 
whereas the types of protoplasm about which, we have most 
certain knowledge are not gels. 

If there is to be a colloid chemistry of protoplasm, it must 
be based on a direct study of the living substance itself. Life 
is undoubtedly dependent on the colloidal properties of the ma- 
terials of which living things are composed. No amount of study 
of dead and inanimate substances w r ill ever reveal these pro- 
perties. Such study may eventually prove helpful. In the future 
it doubtless will. But as the study of the colloid chemistry of 
protoplasm makes its first crude beginnings, it is hardly possible 
to decide just which inanimate colloids are similar to the colloids 
of living cells. That is to say, similar in their physical properties. 
And all we can hope for at best is a remote resemblance. The 
simplest protoplasm is vastly more complex than any known 
inanimate colloid or mixture of colloids. 

Only in the past ten or twelve years has there been any 
systematic attempt to study the colloid chemistry of protoplasm. 
Before this time there were a few sporadic observations, by- 
products of studies in other directions. And of course there w r ere 
plenty of theories. But the investigation of the colloidal properties 
of protoplasm could not make progress until methods of work 
W’ere established. The great difficulty in the way of studying 
the colloid chemistry of living cells lies in the fact that visual 
observation usually gives no certain information with regard 
to colloidal change. When gelatin in a test tube liquefies, this 
is immediately obvious even without measurement. The coagu- 
lation of egg albumin, or the flocculation of a colloidal solution 
of ferric hydroxide, can easily be followed with the naked eye. 
But when one looks at protoplasm, even with the highest powers 
of the microscope, it is usually impossible to detect even the 
most thorough-going change of state. True, authors in the past 
have described coagulations and liquefactions in living cells 
on the basis of simple microscopic observation. But the criteria 
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employed have often been purely arbitrary, and the results are 
frequently of little value. 

That the physical state of the living colloid does undergo 
marked changes has been amply proven by recent studies. More- 
over it seems certain that these changes in state are closely 
related to the fundamental machinery of the living process. 
From this standpoint alone, the colloidal study of protoplasm 
has made an auspicious beginning. But this is not all. Given 
the proper methods, the student of protoplasm can study it 
just as though it were an inanimate colloid, and in this way he 
can learn to know the physical properties of the most interesting 
of all fluids. 

How can one study the colloidal properties of protoplasm ? 
If microscopic observation does not show when the protoplasmic 
colloid changes from sol to gel, how is it possible to find out ? 
In a test tube, when a colloid changes from sol to gel, it undergoes 
a great increase in viscosity and at the same time it becomes 
elastic. If then we were able to measure either the viscosity or 
the elasticity of protoplasm, we would have very definite infor- 
mation with regard to colloidal change. At the present time it 
is possible to make measurements of the viscosity of protoplasm ■■ 
and these measurements can indeed be made with a fair degree 
of accuracy. Given such a possibility of measurement, it is no 
longer necessary to limit ourselves to speculation, or to confine 
our studies to inanimate colloids -which are assumed to resemble 
protoplasm. We can actually begin a direct colloidal stud}^ of 
the protoplasm itself. 

In a subsequent chapter the methods of viscosity measure- 
ment of protoplasm will he critically discussed. For the present 
let it suffice to state that such methods have been developed. 

In studying the colloid chemistry of protoplasm it must 
not be forgotten that living cells are very small and that the 
conditions are thus different from those to which the colloid 
chemist is accustomed. When a small amount of electrolyte is 
added to a metallic sol, or when a protein is salted out, there is 
a precipitation of the colloid, and this is easily observable. But 
sue ha precipitation could hardly occur often in protoplasm, 
for a living cell may be much smaller than a single flake of a 
colloidal precipitate. The speed with which a precipitate settles 
depends on the size of the particles; for spherical particles it 
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increases as the square of the radius. Obviously in tiny cells 
there can be no rapid settling out of a precipitate, for the par- 
ticles of a precipitate could never be large enough to settle rapidly. 
Thus in protoplasm one of the commonest types of colloidal 
change can not ordinarily be realized. It is not only in their 
small size that living cells differ from ordinary colloidal systems. 
Some of the peculiar characteristics of living colloids will be dis- 
cussed in subsequent chapters. 

Because of the fact that the conditions in living systems 
are so different from those of non-living systems, it is rather 
difficult to use the ordinary terminology of colloid chemistry. 

In general, it seems proper to refer to a very pronounced increase 
in viscosity, that is to say an increase of several hundred percent 
or more, as a gelation. In those cases in which the viscosity 
increase is certainly due to the appearance of a new phase, it 
seems logical to say that there is a coagulation. But it must 
be remembered that the suggested use of these terms does not 
exactly correspond to the manner in w’hich they are used by the 
colloid chemist. 

The colloidal study of protoplasm is not easy. Observations 
must be made on tiny droplets of a material incompletely defined 
from a chemical standpoint, and probably consisting of a mixture 
of highly complex compounds. The results that can be gained! 
with such material must be regarded leniently. The biologist 
can not be expected to obtain data of the same degree of accuracy 
as those which the physical chemist can obtain with chemically 
pure compounds. But one must not be too lenient. If the colloid 
chemistry of protoplasm is to be a science, it must be based on 
firm facts and not on subjective impressions. In the chapters ■ 
which follow, an attempt will be made to present the facts. as || % 
they are now known. Few as these facts are, they show that a 
rational science of the colloid chemistry of protoplasm is possible 
and that it is now in the making. 



CHAPTER II 

INTRODUCTION CONTINUED — THE MORPHO- 
LOGY OF PROTOPLASM 

Inanimate colloids may be studied in any container con- 
venient for the experimenter. Protoplasm must be studied in 
cells. It will therefore be necessary to review briefly the elemen- 
tary facts regarding the general form of cells, as well as the 
knowledge regarding the microscopical appearance of their con- 
tents. Colloid chemistry is directly concerned with the problem 
of form. In any study of a heterogeneous system, it is important 
to know the general arrangement of the various phases which 
compose it. In a colloidal solution, the size and shape of the 
dispersed particles are factors of importance. Inasmuch as col- 
loidal particles are typically too small to be seen under the mi- 
croscope, information concerning their size and shape can in 
most cases be obtained only by the use of some ultramicroscopic 
' method. But, as was pointed out in the last chapter, systems 
^ whose dispersed phase is composed of particles barely visible 
with the microscope also show the properties of true colloidal 
«... solutions. Protoplasm contains many particles so small as to 
barely visible. It is therefore important from the standpoint 
* of colloid chemistry to determine exactly what can be seen when 
living cells are examined under the higher powers of the micro- 
*• scope. 

The founders of the cell theory regarded the cell as primarily 
a receptacle with a wall. Later when it w r as found that some 
cells were apparently naked, the interior of the cell was thought 
to be more important, and a cell came to be defined as a mass 
of protoplasm rather than as a receptacle. 

Every schoolboy now learns that a cell is a mass of protoplasm 
containing a nucleus. To be a discrete mass of protoplasm and 
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not an indefinable part of a whole, a cell which forms part of a 
tissue must have boundaries. In plant tissues, there is typically 
a fairly thick wall around each cell. When, a piece of leaf or other 
plant tissue is placed in a concentrated solution of salt or sugar, 
the individual cells or protoplasts shrink away from their walls ; 
they are then said to be plasmolyzed. In general, animal cells 
do not plasmolyze. When they are placed in concentrated solu- 
tions of salt or sugar, the entire cell shrinks and. there is no wall 
outside of it. Apparently the animal cell is comparable to the 
plant cell without its wall. 

The fact that living cells shrink in concentrated solutions 
and swell in very dilute solutions is regarded by most physio- 
logists as evidence that the cell is surrounded by a semiperm cable 
membrane. No other explanation seems to fit the facts, although 
a few unorthodox physiologists have contended that other ex- 
planations are possible. The semipermeable membrane which 
surrounds a living cell is called the plasma membrane. Physio- 
logists often state that the plasma membrane is invisible, and 
this has become somewhat of a tradition. - Actually there is no 
reason to suppose that the membranes which can be seen about 
animal cells are not plasma membranes. 

The egg of the sea-urchin is surrounded by a hyaline mem- 
brane which appears to have very nearly the same, refractive 
index as sea- water, and is thus hard to see. This membrane is 
about one micron thick. It is a semirigid structure, at any rate 
under certain conditions it will retain its form as the egg contents 
are squeezed out. When placed in a hypertonic solution, the 
egg decreases in diameter, and the membrane is pulled in 
with the shrinking protoplasm. Because of its rigidity, the mem- 
brane can be thought of as being under an elastic tension when 
it is pulled back in this fashion. There wmild then be a tendency 
for the membrane to spring away from the rest of the cell, and 
perhaps this occurs under certain conditions. 

Many protozoan cells are surrounded by relatively thick 
membranes which are readily visible. In paramecium for example 
the outer membrane is a thick structure which bears cilia. That 
this rigid membrane is really the plasma membrane of the proto- 
zoan is indicated by the following argument. If we suppose a 
cell to be surrounded by a relatively rigid membrane, a membrane 
which could bend but which could not decrease its surface, shrink- 
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age of such a cell would not be possible unless the cell changed 
its shape in such a way as to have a smaller volume but yet the 
same extent of surface. This is exactly what happens when a 
. paramecium is placed in 'hypertonic solutions of sodium chloride. 
Under these conditions the paramecium immediately flattens. 
The volume of the cell thus decreases, whereas the surface remains 
relatively constant, just as we have postulated for the case of 
a cell surrounded by a rigid membrane. There is thus reason 
to believe that the visible tough membrane of paramecium is 
its plasma membrane. 

It may therefore be regarded as probable that the membranes 
which can be seen to surround some animal cells are the osmotic 
membranes of these cells. Perhaps in every case the visible mem- 
brane of the animal cell functions osmotically. In plant cells, 
on the other hand, it is generally impossible to distinguish a 
definite membrane inside the cell wall and separate from the 
main mass of the protoplasm. We conceive of a cell as a receptacle 
in which there is an outer membrane which functions osmoti- 
cally. This membrane, the plasma membrane, may or may not 
be visible. 

It should perhaps be stated that there are types of protoplasm 
which are really not in the form of cells. Some algae and many 
fungi consist of long strands of protoplasm with many nuclei. 
A muscle fiber also contains many nuclei. If we define a cell 
as a mass of protoplasm containing a nucleus, then a muscle 
fiber is either a group of cells without cell boundaries, or it is 
a single cell which differs from the usual type in that it possesses 
many nuclei. Cytologists usually refer to such a cell or group - 
of cells as a syncytium. Obviously a syncytium is difficult to 
interpret in terms of the cell theory. Moreover it is only by a 
stretch of the imagination that tiny bacteria can be conceived 
of as cells. Books on cytology usually make no mention of bacteria. 

Cells vary greatly in size and shape. Human red blood cells 
are discs the diameter of which is 7 microns. Sea-urchin eggs 
are spherical and in some species are about 75 microns in dia- 
meter. Cells which form part of a tissue mass may be prisms 
or polyhedrons. Animal cells are usually larger than red blood 
cells, and much smaller than sea-urchin egg cells. Of course there 
are exceptions. On the average, plant cells are larger than animal 
cells. . , ' ’ ' ^ 
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It Las become part, of the cytologists credo to insist that 
every ceil has a nucleus. In those ceils which have no nucleus 
it is usually possible to distinguish granules which have the same 
affinity for dyes as do the granules of typical nuclei. Such gra- 
nules are then referred to as a dispersed nucleus. Dispersed nuclei 
occur in a few protozoan cells, but are not ordinarily present 
in the cells of higher animals. Typically the nucleus appears 
as a spherical or ovoid body, and it is generally in the center of 
the cell. The volume of the nucleus may be as much as one- 
third of the volume of the cell, or it may be only one-hundredth 
of this volume or even less. 

Concerning the form of the nucleus and the structures which 
can be observed in it both in the living and after treatment with 
various reagents, the cytologists have built up a large literature. 
‘When a cell divides, chromosomes are formed out of the nuclear 
material. For each species of animal and plant these have a ty- 
pical number and often a particular shape or shapes. Volumes 
of description have been written about the chromosomes, and 
their study has proved one of the most interesting chapters of 
modern biology. Apparently the nucleus is the most important 
part of the protoplasm. It has, however, only seldom been studied 
from a physical standpoint. This is largely due to the fact that 
it is more difficult to obtain information concerning the phy- 
sical properties of the nucleus than it is to obtain similar infor- 
mation concerning the cytoplasm. 

With the first development of the microscope biologists 
began searching the living material for details of structure which 
might help them to understand its amazing properties. The 
microscopes of the seventeenth and eighteenth centuries were 
crude instruments, with lenses uncorrected for chromatic aber- 
ration. The early microscopist saw every object as a series of 
rainbows. More than anything else, it was the development 
of achromatic lenses in the early part of the nineteenth century 
that made possible the establishment of the cell doctrine and the 
growth of the modem science of cytology. But even before the 
appearance of the modem microscope, it was clearly recognized 
that the living substance contained granules. And just as every ' 
modern textbook of cytology or histology emphasizes the cell 
as the unit of the organism, so did the textbooks of the early 
nineteenth century emphasize the granule as the fundamental 
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unit of the living material (compare Schlateb ’99). This point 
of view has never quite faded out. There has been an unbroken 
line of investigators who have clung to the idea that the granules 
of protoplasm are the essential units. Many of these workers 
conceived of the granules as elementary organisms, in later 
years they have frequently been compared to bacteria. It has 
even been claimed from time to time that the granules are really 
capable of an independent existence outside of the cell. 

Whereas to some authors the granules of the cell have seemed 
the only living part of it, others have held strongly to the view 
that the granules were of secondary importance, and that the 
life of the cell centered in the hyaline ground substance. In 
the lack of definite experimental evidence, neither view is justi- 
fiable. The centrifuge experiments of various embryologists 
interested primarily in the organization of the egg in relation to 
development* indicate that various cells of developing inverte- 
brate larvae can exist normally without the presence of one or 
another specific type of granule. In these experiments however, 
none of the cells is ever wholly granule free, partly because the 
granules are usually not completely moved by the centrifuge, 
but also because in most of these experiments the time between 
centrifugal treatment and cleavage is long enough to allow many 
of the smaller granules to return by Brownian movement to their 
original position in the egg. As a matter of fact, there seems j 

every reason to believe that both granules and ground substance 
have a definite part to play in the life of the cell. Certainly as j 

far as our present knowledge goes, we have no right to consider 1 

either the one or the other constituent as more truly living 
matter. , 

Interpretation aside, it is certain that the protoplasm of \ 

practically all cells contains vast numbers of tiny granules. \ 

These may be as much as three or four microns in diameter, I 

usually they are smaller, and quite commonly they are almost J 

at the limit of microscopic visibility. The granules are generally f 

very numerous; there may be so many of them that the rest of 
the protoplasm is little more than a series of films surrounding > I 
the granules. The universal occurrence of granules in living cells | 


* For literature consult Morgan ’27. 
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is certainly a fact which must- be of great importance in any 
interpretation of the mechanics of protoplasm. 

Some protoplasm contains fibrils or strands. In the eighteenth 
century the physiologist Haller held the doctrine that all living 
things were made up of fibrils or “librae”. This is a view that 
has reappeared from time to time in cytologieal literature. There 
can be no question but that muscles are largely made up of 
fibrils. The "protoplasm of nerve fibers may also be fibrillar. 
Following the development of modem cytologieal technique, 
in which cells are treated with a variety of reagents before being 
sectioned, fibrils have been described in a great many types of 
cells. Whether these fibrils occur in the living cell is of course 
an open question. 

From time to time in the history of cytology there have been 
arguments as to whether protoplasm -was more truly granular 
or fibrillar, whether granules or fibrils were the ultimate units 
of the living material. It would scarcely he worth while to review 
these old arguments. As long as cytology remained a purely 
morphological study, it seemed of importance to discover some 
form element which could then be regarded as a unit, and in a 
certain sense as an explanation of protoplasm. There are types 
of living protoplasm which do contain fibrils. But ordinarily 
when living cells are examined under the microscope no strands 
or fibrils are visible. On the other hand, all or almost all living 
cells contain granules, and these are' readily demonstrable 
without the use of any reagents or stains. Whereas fibrils are 
usually found only in highly differentiated types of living material, 
granules are of practically universal occurrence. In many cells 
the granules are extremely small, barely visible under the highest 
powers of the microscope. It is probable that in some protoplasm 
the granules may be still smaller and may thus not be detectable 
under the microscope. At least this much seems certain. Proto- 
plasm is a colloid in which typically large numbers of the dispersed 
particles are of microscopic dimensions. In the language of the 
colloid chemist, it is a suspension. 

In a given cell the visible granules are not always of the 
same type. Obviously in most instances ft is not a simple matter 
to distinguish differences between granules so small as to be 
barely visible. Sometimes the granules are of two or more sizes. 
Thus in the egg of the sea-urchin Arbacici, in addition to granules 
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about a third of a micron in diameter, there are others nearly 
a micron in diameter. But the small granules of the Arbacia 
egg are also of two varieties. Most of them are heavier than the 
rest of the protoplasm, some are lighter* When the egg is centri- 
fuged, the heavy granules go to one pole, the lighter granules 
to the opposite pole (see Fig. 1, p. 45). Many other cells can also 
be shown to possess granules of fatty material which are lighter 
than the rest of the protoplasm. Perhaps in some cases these 
granules are really fluid and should be called droplets. When 
a particle is only a third of a micron in diameter, it is not an easy 
matter to decide its physical state. The fact that the light gra- 
nules of cells do not fuse when thrown to one side by the centri- 
fuge is evidence that they are solid, but it is not conclusive evi- 
dence, for the failure of the granules to fuse might be due to the 
presence of a solid film. The small granules of the Arbacia egg 
are certainly of two sorts, but there may really be many different 
types of granules which with present methods we are unable to 
distinguish in the living cell. 

Differences in size and specific gravity are not the only 
means of distinguishing granules in cells. Occasionally granules 
are obviously colored, but this seems relatively rare. For many 
years cytologists have been in the habit of identifying structures 
in cells by their staining reactions. In the classical literature of 
cytology there was much discussion of the various types of gra- 
nules which might be found in living cells. This literature is 
easily accessible, and it requires only brief mention at this point. 
In general, staining reactions are apt to be deceptive. In all 
but a few cases it is impossible to decide chemical composition 
by microscopic color tests. The same substance under slightly 
varying conditions may or may not take a certain stain. Moreover 
the older cytological knowledge regarding the different types 
of granules to be found in cells depends for the most part on 
observations made on dead, that is to say, fixed material. Acids, 
metallic salts, alcohol, and various other reagents are used in 
order to make sections of cells possible. It is well known that 
such reagents are capable of producing granular precipitation 
in solutions of proteins. That they can also produce granule 
formation in living cells can be shown by a simple experiment. 
When a sea-urchin egg is centrifuged, some granules go to one 
pole, others to the opposite pole, and between the two groups 



INTRODUCTION CONTINUED — THE MORPHOLOGY ETC. 19 

of granules is a hyaline region free from granules. On treating 
centrifuged egg cells with mercuric chloride, one of the common 
reagents used to fix cells, new granules appear in the hyaline 
protoplasm. It is therefore unsafe to draw conclusions about 
the granules of living protoplasm from the study of fixed proto- 
plasm. This has been frequently recognized by cytologists and 
there has been an increasing tendency to compare fixed pre- 
parations with the living material wherever this is at all possible. 

In 1897, the histologist Benda coined the word mitochondria 
for certain types of granules which he found first in rat sperma- 
tocytes and later in various other types of tissue. These granules 
often showed a tendency to form threads. Benda developed 
a complicated fixing and staining technique which he be- 
lieved to be specific for mitochondria. Later it was shown 
that the same granules could be demonstrated by much simpler 
methods, and that in many cases the mitochondria of Benda 
were indistinguishable from the granules so often described by 
the older cytologists. At the present time there seems to be some 
slight uncertainty as to just what are to be termed mitochondria 
and in what respect they differ from the other granules of the 
cell. Some modern authors regard the dye Janus green as a 
specific test for mitochondria in living cells (see Cowdby ’24). It 
is generally agreed that in most instances at least mitochondria 
in sectioned cells only appear when acetic acid and strong fat 
solvents have not been included in the fixing reagents with which 
the protoplasm was treated. Regard ’ 08 and various other 
authors have expressed the view that the mitochondria contain 
a lipoid constituent and that they are dissolved away by fat 
solvents. It might he possible to define mitochondria as granules 
composed in part of lipoids. This definition appears to have 
the advantage of precise statement. But it has not been univer- 
sally accepted, at any rate lipoid constitution is not regarded 
as an absolute criterion of mitochondria. Cytologists have iden- 
tified certain types of granules as mitochondria mostly on the 
basis of their general behavior toward various fixing and staining 
reagents, but at best the mitochondria concept is not a very 
precise one. 

In the Arbacia egg, the pigment granules or chroma tophores 
stain selectively with Janus green (Wilson ’26). They also 
disappear when the egg is treated with fat solvents. They thus 
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satisfy two criteria which in the past have been used to distinguish 
mitochondria. As a matter of fact it might not be inappropriate 
to regard these pigment granules as mitochondria, for in other 
eggs pigment granules have been regarded as mitochondria by 
mitochondria specialists (see Dttesbeeg *15, Gatekby *19). 
Curiously enough, although the pigment granules of the Arbacia 
egg disappear in the presence of fat solvent, this is not due to 
the fact that they are dissolved. In some recent studies, for the 
most part unpublished, the behavior of the pigment granules 
has been followed both inside and outside of the cells (see p. 229). 
Disappearance of the pigment granule in the presence of fat- 
solvent is the result of a series of reactions, the first of which 
appears to involve the liberation of free calcium ion. If pigment 
granules in Arbacia are true mitochondria, it seems probable 
that the disappearance of mitochondria in fat solvents is not a 
simple solubility phenomenon. 

In 1898, Golgi described certain structures which appeared 
in nerve ceils after these had been treated with a silver impregna- 
tion. process. Following Golgi, similar structures were found, 
in various other types of cells, and many authors have described 
what is now generally known as a Golgi apparatus. This may 
take the form of a network or it may be granular. In every in- 
stance the Golgi apparatus is demonstrated either by silver 
impregnation or by an osmic acid treatment. Until recently the 
numerous descriptions of Golgi apparatus were all for fixed 
material, and there was no certain knowledge as to whether or 
not it might be present in living protoplasm. Rati. Bbambell, 
and Gatekby ’25 and .Karpova ’25 describe Golgi apparatus 
in untreated cells. 

The structures which can be seen only in fixed cells are rela- 
tively unimportant to the student of the mechanics of living 
protoplasm. When cells that are alive are observed under the 
microscope, they are seen to contain large numbers of granules. 
These may be of different sizes and of different chemical compo- 
sition, hut granules about half a micron in diameter are of very 
common occurrence. Such granules are found both in the cyto- 
plasm and in the nucleus, although the nucleus contains relatively 
fewer granules, and may appear quite free from them. The fact 
that small granules are so constantly present in the living sub- 
stance is an indication that such a fine suspension of material 
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represents a colloidal condition favorable for the life process. 
It seems certain that as the physiology of the cell becomes more 
clearly understood, there will be shown to be a definite depen- 
dence of many vital phenomena on the granular nature of proto- 
plasm, on the properties which it possesses by virtue of the fact 
that it is a suspension. 

It must not be forgotten, however, that there are outstanding 
differences between different types of living substance. When 
any particular type of cell is investigated from the standpoint 
of the colloid chemist, an effort should be made to determine 
what is visible in the cell under the microscope. Granules of 
one sort or another, fibrils if they are present, all would doubtless 
have an effect on the colloidal properties of the ensemble. 


CHAPTER III 

INTRODUCTION CONCLUDED — THE CHE- 
MISTRY OF PROTOPLASM 


Colloid chemistry is a branch of physics. Through most 
of this book the discussion will center around the physical pro- 
perties of the living substance. But before entering this field 
it may be well to review briefly the main facts about the che- 
mistry of protoplasm. It will be necessary to consider not only 
the chemical constitution of the protoplasm, but also the reactions 
which occur in it. Naturally 'no exhaustive treatment is possible. 
Huge volumes have been written about certain aspects of the 
chemistry of protoplasm. In this chapter it will only be possible 
to outline a few of the essential facts, emphasizing here and there 
a point of especial interest to the student of protoplasmic mecha- 
nics. V' 

Just as the colloidal properties of inanimate colloids are 
profoundly modified by traces of one substance or another, so 
beyond any question the colloidal properties of protoplasm are 
dependent in large measure on the ions and molecules which 
form a part of it. Moreover the intricate complex of chemical 
reactions constantly going on in the cell must both influence the 
colloidal condition of the protoplasm and be influenced by it. 
What these influences are we can for the present only vaguely 
hint at, but we can at least present the problems involved, as 
our modern knowledge shows them. 

The student of the colloid chemistry 7 of protoplasm is handi- 
capped by the small dimensions of the cells which contain the 
material he is interested in studying. But this is not his only 
handicap. In ordinary colloid chemical investigation, the main 
mass of the material is a known substance or substances. True, 
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traces of unknown constituents may occasionally play a rdle 
in the colloidal behavior of an inanimate colloid, but in general 
the colloid chemist can be fairly certain of what his test tube 
contains. On the other hand the chemical make-up of protoplasm 
is extremely uncertain. We know" a few broad facts and that is 
all. For the most part chemical analysis of the living substance 
is only possible under conditions in which the protoplasm is 
killed and doubtless changed during the course of the investi- 
gation. ' In general the ordinary analytical methods are too 
drastic. When such methods are used, the protoplasm dies, 
and as it dies a number of chemical reactions are initiated which 
may for all we know have a profound effect on the chemical 
compounds of which the cell is composed. To some extent these 
reactions of dying protoplasm can be retarded by cold, but they 
can not be completely stopped. 

Some years ago it was not uncommon to regard protoplasm, 
or the essential living part of protoplasm, as a single chemical 
compound of extraordinary complexity. This view was thought 
to find support in the older experiments of Hermann and Pfltjger 
which seemed to indicate that the metabolism of the cell was 
bound up with very complicated systems, rather than with the 
chemical transformations of relatively simple compounds. The 
idea that a single chemical compound of extraordinary complexity 
was responsible for the life of the cell -was elaborated by Ver- 
worn J 03 in his well known biogen hypothesis. Vebworn main- 
tained that the biogen molecules were present in the ground 
substance of the protoplasm rather than in the formed elements 
such as granules, etc. It was not present in the nucleus, but 
the nucleus contained materials for the maintenance of biogen 
metabolism. 

There is very little evidence in favor of the biogen hypo- 
thesis. In 1867, Hermann concluded that muscular action de- 
pended on the breakdown and building-up of a. complicated nitro- 
genous compound. This he thought of as a very labile substance, 
which only remains intact at 0° 0, and which at room tempera- 
tures disintegrates into carbon dioxide, lactic acid, and myosin. 
Hermann regarded this substance as of the same order of com- 
plexity as hemoglobin, that is to say he thought of it as a con- 
jugated protein. But the recent remarkable advances in our 
knowledge of muscle metabolism have all tended to show" that 



relatively simple compounds may play a very important part 
in the chemical reactions which go on within the muscle. Thus 
carbon dioxide and lactic acid are formed from glycogen rather 
than from some complicated hypothetical substance. 

Just as it is unwise to regard certain morphological elements 
of the protoplasm as more truly alive than others, so also it is 
unwise to maintain that certain of the chemical constituents 
of the protoplasm are more intimately concerned with the life 
process than others. Protoplasm contains many complex materials 
of high molecular weight, and there is always a tendency to ascribe 
the attributes of life to these less known and thus more mysterious 
compounds. But the simpler constituents are just as truly a 
part of the living system as are the complex. We can not conceive 
of a protoplasm without water and salts, and certainly these 
simple compounds form an indispensable part of the living ma- 
terial. 

In order to have before us a picture of the chemical con- 
stitution of protoplasm, it will be necessary to review’ briefly 
the elementary facts concerning the chemical materials found 
in living cells. We will consider first the evidence obtained from 
the investigation of large masses of cells, and second the obser- 
vations that have been made on individual cells in the hope of 
localizing definite compounds in various morphological elements 
of the protoplasm. 

Water is the most abundant constituent of living material. 
In many types of living cells the water content is approximately 
75 percent. Resting plant seeds have a much lower percentage 
of water, and certain animals, e. g. rotifers, can be dried until 
their water content is practically negligible. Such dried animals 
are scarcely alive, their protoplasm, is in a quiescent state. As 
far as is known, active protoplasm is always rich in water. 

Besides water, the only common inorganic constituents are 
the salts of the alkaline and alkaline earth metals. Below are 
given, first an analysis of the salts of maize pollen cells, and se- 
cond a recently published analysis of the salts of the sea-urchin 
egg. These are merely two examples of many that might have 
been chosen. They represent analyses of cells rather than of 
tissues. This is an advantage in that tissues often contain lifeless 
connective tissue fibers, doubtless of very different chemical 
composition from the protoplasm itself. 
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Composition of ash of maize pollen (Aedebsox and Kulp ? 22) 


Phosphorus ' . 

. 18.92% 

Magnesium . 

4.60% 

Sulphur . . . 

. 0.69% 

Potassium . . 

35.48% 

Chlorine . . . 

. 0.80% 

Sodium . . . 

0.69% 

Silica (SiOo) . 

. 3.76% 

Iron .... 

0.25% 

Calcium . . . 

. 1.02% 

Aluminum . 

0.22% 


•Salt content of the Arlaeia egg (Page ’27) 


Radical 

■■ j 

Milligrams per 
million eggs 

Millimols 

Mill! - 

equivalents 

Calcium 

1.90 

0.047 

0.094 

Magnesium 

4.48 

0.182 

0.364 

Sodium 

1.301 

0.056 

0.056 

Potassium 

2.445 

0.063 

0.063 

Iron 

0.030 

0.0005 

0.0015 


Total cation: 

0.348 

0.5785 

Sulphate 

0.00046 

0.00004 

0.00008 

Chloride 

0.1864 

0.0053 

0.0053 

Total phosphate . . 

0.9064 

0.0291 

0.0873 

Nitrate 

Trace 

— 

— 


j Total anion: j 

0.0344 

0.0927 


In the above analysis of the sea-urchin egg, Si0 2 was found 
to be present, but was not determined quantitatively. No distinc- 
tion was made between the phosphorus combined with lipoid 
and the inorganic phosphorus, but Page indicates that about 
half of the phosphorus was inorganic. Page’s table is especially 
interesting in that he lias calculated the molar concentrations 
of the various ions. Apparently there is a much higher concen- 
tration of cation than anion within the cells. This also appears 
to be true for the pollen ash. If from Page’s data one calculates 
the osmotic concentration of the salts within the sea-urchin 
egg, it is possible to show that this concentration is very much 
higher than the concentration of the salts in the surrounding 
sea- water. 

The fact that some living cells and perhaps living substance 
generally contains more inorganic cation than anion is very im- 
portant. In the sea-urchin egg Page found the molar concen- 
tration of cation to be ten times as great as that of anion. The 
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equivalent concentration was six times as great. Such, an excess 
of cation may very well have a bearing on the colloidal properties 
of the protoplasm. The subject is in need of further elucidation. 
Doubtless some of the excess cation is combined with protein, 
some is probably combined with lipoid or fat. In the sea-urchin 
egg it is noteworthy also that there is a larger amount of bi- 
valent cation (Ca and Mg) within the egg than monovalent 
cation (Na and K), and this in spite of the fact that the sur- 
rounding sea-water has only a relatively small amount of bi- 
valent cation. 

Analyses such as the above indicate the actual constitution 
of one type of cell or another. Obviously the inorganic salts 
which are found in a cell may vary somewhat as the environment 
of the cell or organism changes. By experimentally varying this 
environment it is possible to obtain data with regard to the salts 
which are indispensable for the protoplasm of a definite species 
of animal or plant. For the most part experiments of this sort 
have been made only with plants. Seeds can be grown in. nutrient 
solutions which contain some elements and not others. In such 
nutrient solutions, if all the necessary elements are present, 
large normal-looking plants are obtained. On the other hand 
in the absence of some needed element; dwarfed pathological 
types appear. Details concerning these experiments can be found 
in most books on plant physiology. Flowering plants require 
the following ions, K, Mg, Ca, Fe, NO s , S0 4 , P0 4 . Normal growth 
can be obtained without Na, 01, Si0 2 . In the studies that have 
been made with f lowering plants some salts are of course contained 
in the seed, and this is a possible source of error. It is doubtful 
also whether the older experimenters were careful enough of 
the purity of the salts they used to make up their nutrient 
solutions. Often mere traces of a substance are important. Thus 
Peters '21 found that the protozoan Colpidhcm was able to live 
in solutions which contained no potassium only if glass vessels 
were used. In quartz vessels the animals died. Peters took 
this to mean that enough potassium dissolved out of the glass 
to keep the animals alive. 

For bacteria, yeasts, and molds, it has been found that 
the only cations necessary are K, Mg and Fe, and there seems 
to be some question as to whether iron is essential or not. In 
experiments with these organisms, there is no source of error 
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from the presence of a large seed. However, there is always the 
danger of impurities. 

The study of the elements which are required for animal 
life is often very difficult. The higher animals are easy to rear 
on a pure chemical diet, but they are large at birth, and it is 
quite impossible to decide -whether or not an element is necessary 
unless large amounts of it are required. Sometimes this is the 
case, and many studies have been made on the need of such 
elements as calcium and iodine. In these instances, the calcium 
goes largely into the bones, and the iodine into the thyroid gland, 
so that such experiments are of little interest to the student 
of protoplasm, who is concerned chiefly with the inorganic needs 
which are common to cells in general. It seems not at all unlikely 
that experiments with lower animals might yield results of value. 
A few studies have been made with protozoa, and some work 
has also been done on Drosophila . 

The organic materials found in animals and plants are of 
three main types ; proteins, fats, and carbohydrates. To the fats 
should be added a heterogeneous group of fat-like substances, 
fat-like in view of the fact that they are generally insoluble in 
water but soluble in liquids of low surface tension such as ether 
and chloroform. These fat-like substances are called lipoids. 
Concerning the present-day knowledge regarding proteins, fats, 
lipoids, and carbohydrates, abundant information will be found 
in any one of numerous textbooks or handbooks of biochemistry. 
From a physico-chemical standpoint it seems especially note- 
worthy that all protoplasm should contain in addition to water- 
soluble substances others that are typically water-insoluble. 
We should expect that the fats and lipoids of living cells would 
often be found in the form of a suspension or emulsion. This 
apparently is true. 

The following tables give analyses of plant and animal cells. 
Composition of the egg of 8 ah ellaria alv eolata (Faure - Fremiet ’21V 


Water 70.00% 

Proteins. . . . . . . . ... :. . . 19.08% 

Fats and lipoids . 6.80% 

Glycogen . 1.27% 

Ash 1.53% 



Composition in percent of dry weight of the pollen of maize 
(Anderson and Kulp ’22) 

4.53% Crude fiber . . 5.37% 

.1.07% Fatty material . 1.48% 

9.09% Ash 3.46% 


Nitrogen . 
Starch . . 
Saccharose 
Pentosanes 


In the pollen, the carbohydrates starch, saccharose, and the 
pentosanes represent about 30 % of the dry weight, whereas the 
amount of protein calculated from the nitrogen content is roughly 
27 %. Thus in the plant cells there is more carbohydrate than 
protein, whereas in the animal cells there is almost fourteen times 
as much protein as carbohydrate. 

In myxomycete protoplasm there is also a high percentage 
of carbohydrate. The following table, taken from a recent paper 
of Kiesel, shows almost as much carbohydrate as protein. 


Chemical composition of Reticularia Jy coper don (Kiesel ’25) 

Oil 17.85% 

Lecithin 4.67% 

Cholesterin . . 0.58% 

Reducing carbohydrates 2.74% 

Not reducing, soluble carbohydrates (exclusive of 

glycogen) 5.32% 

Glycogen 15.24% 

Polysaccharide, hydrolyzable with difficulty . . . 1.78% 

Extractives (containing nitrogen) . . . . . . . . 12.00% 
Proteins, including plastin . . . . . . . . . . .29.07% 

Nucleic acid 3.68% 

Oil of leeithoproteins (?) 1*20% 

Unknown substances . . . . . . . . ...... 5.87% 

"^mooib 


The chemical study of large masses of animate tissue or of 
large numbers of cells is relatively simple compared to the study 
of individual cells or the attempt to identify chemical compounds 
within the confines of a single cell. In general, insoluble consti- 
tuents of protoplasm would tend to be more localized in their 
distribution. Obviously if a substance is highly soluble, we should 
expect to find it dispersed throughout the entire cell. But this 
need not necessarily follow. A soluble substance may be very 
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largely adsorbed at- some of the protoplasmic surfaces. It has been 
pointed out that protoplasm is typically granular, and the sur- 
faces of the granules no doubt adsorb many dissolved substances. 
Often a cell contains various types of granules, and it is quite 
possible that the adsorption at the surface of one kind of granule 
may be quite different from that at another. 

In the attempt to identify chemical compounds within a 
living cell, one encounters a host of difficulties. The small size 
of the cell is not the only troublesome factor. Microchemical 
analysis has developed many methods for the identification of 
extremely small quantities of material. But microchemical 
analysis depends very largely in its identifications on the forma- 
tion of characteristic crystals, which are then recognized under 
the microscope. Within a cell, or rather within the protoplasm, 
crystal formation is usually impossible. Generally speaking, 
normal crystals do not form in the presence of large quantities 
of colloidal material. And living cells contain high concentrations 
of various colloids. A few microchemical tests are color tests. 
Iron can always be detected by its color reactions. So too can 
starch and glycogen. These tests have been used on many living 
cells. Unfortunately the number of such tests is not very great, 
and not all of the tests that have been used are valid, Oyt-ologists 
often assume without adequate proof that certain dyes are specific 
for definite chemical substances. 

In addition to color reactions, the student of cell chemistry 
can also make use of solubility tests. Cells are treated with fat 
solvents, with salt solutions, or with various enzymes, and the 
disappearance of one structure or another is regarded as evidence 
of its solubility. Inferences are then drawn in regard to the 
chemical constitution of the structure which was found to disap- 
pear. Solubility tests on protoplasm are not as reliable as they 
might seem. In the last chapter an example was cited of certain 
granules which always disappeared in the presence of fat solvents, 
and which were apparently neither fats nor lipoids. The disap- 
pearance of these granules was the end result of a series of reac- 
tions initiated by the fat solvent. In a system as complicated 
as protoplasm the addition of a foreign chemical may produce 
results which are difficult to interpret. Doubtless, however, 
many of the results that have been obtained with solubility tests 
are valid. For further and more detailed information concerning 
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microchemical tests, see Parat ’27, compare also Klein ’28, 
and Patzelt ’28. 

The microchemical study of the cell has among other things 
given information regarding the distribution of glycogen, of fats, 
and of nueleoproteins within the cell. It seems fairly certain 
that the nucleus consists largely of nucleoprotein. As a matter 
of fact nueleoproteins were first isolated from the heads of sperma- 
tozoa. Pats and lipoids are usually scattered through the proto- 
plasm and are not limited to the surface layer of the cell nor 
even especially abundant there. 

Heilbrunn "’26 b has suggested that protoplasmic granules 
are typically surrounded by a lipoid or fatty film. The evidence 
for this view rests both on the colloidal behavior of the protoplasm 
and also on the fact that when sea-urchin eggs are centrifuged, 
the granules heavier than the rest of the cy toplasm give a reaction 
with osmic acid. This indicates the presence of fats or lipoids, 
with an admixture of unsaturated fatty acid, in the granular 
constituents of the protoplasm, and presumably at their surface.* 
Further evidence that the granules of protoplasm are typically 
surrounded by a fatty or lipoid film is given by the fact that many 
types of protoplasm resist the action of pepsin and trypsin, but 
are soon digested if their fats are first extracted (for literature 
on this subject, see Biebermann ’24).. According to Biedee- 
mann, there are two possible explanations of this phenomenon. 
One might suppose that the lipoid was combined with protein 
in the form of a lipoprotein, or one might regard the lipoid as 
held by adsorption. Biebermann states that the first possible 
explanation can not very well be the true one, because of the 
fact that lipoids can generally be completely removed from cells 
by lipoid solvents. There is therefore evidence from several 
directions in support of the view that protoplasmic granules are 
typically surrounded by a film of fat or lipoid. In subsequent 

* It is possible that the protoplasm may contain lipoids with a 
relatively high content in phosphorus and a specific gravity greater than 
water. But it is doubtful if such lipoids could have a specific gravity greater 
than the specific gravity of the cytoplasm of the sea-urchin egg. The 
specific gravity of •this cytoplasm must be over 1.03. Moreover the gra- 
nules in question have a specific gravity of at least 1.10 (see Chap. 5), 
and it seems certain that no protoplasmic lipoids have a specific gravity 
as great as this. 
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chapters it will he shown that this conception of the protoplasmic 
granule fits in with, certain of the known facts regarding the 
physical behavior of the living substance. 

From the standpoint of cell chemistry, as well as from the 
standpoint of the colloid chemistry of protoplasm, one of. the 
most important questions to be solved is the question as to the 
degree of acidity or alkalinity of the protoplasm. This problem 
is by no means a new one, but in recent years it has taken on a 
new significance. 

Many authors have attempted to determine the hydrogen 
ion concentration of protoplasm. Their results have varied not 
only with the type of cell studied, but also with the method. 
For relatively simple systems under known conditions the most 
accurate method of measuring hydrogen ion concentration is 
the electrical method. The solution to be studied is connected 
with a hydrogen electrode on one side and some standard elec- 
trode such as a calomel electrode on the other. The E. M. F. 
of the cell is then measured, and from this E. M. F. the hydrogen 
ion concentration, or its negative logarithm, the pH, can readily 
be calculated. In. determining pH electrically one must be very 
careful to exclude any factors which may have an influence on 
the E. M. F. For instance a hydrogen electrode may frequently 
serve as an oxygen electrode. Or various* substances can “poison” 
the electrodes. The electrical measurement of the pH of protoplasm 
is complicated by the fact that it is very difficult to devise elec- 
trodes small enough to be inserted into a living cell. This technical 
difficulty has been overcome by several recent workers. Thus 
Taylor and Whitaker ’27 have succeeded in inserting elec- 
trodes into the protoplasm of Nitella. Their results however 
are very improbable and Taylor and Whitaker do not regard 
them as a proper measure of the protoplasmic pH. Bitytendijk 
and Woerdeman ’27 have devised an antimony electrode which 
they have introduced into frog eggs and similar objects. The 
results of Buytendijk and Woerdeman are certainly more 
within the range of probability than those of Taylor and Whit- 
aker, but there is no means of knowing whether or not they 
are accurate. Many factors might influence the E. M. F. of a 
concentration cell, one end of which is immersed in protoplasm. 
When a cell is cut or torn, it frequently forms films or membranes 
at its free surface (see chap. 13). There is good reason to believe 
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that such a film or membrane might be formed about any object 
inserted into a cell, and the presence of a membrane might have 
a considerable influence on the E. M. F. of any current which 
had to pass through it. There are also certain difficulties connected 
with the use of the antimony electrode (see Vles and Vel- 
LINGER ’27). 

Some workers have ground up cells and have detei mined 
the pH of the resultant mass. In view of the many changes which 
accompany death, one would have to be rather optimistic to 
assume that the pH of living cells could be measured in this 
fashion. 

Most of the measurements of protoplasmic pH have been 
made with indicators. If cells are placed in solutions of various 
indicators, the amount of dye which enters depends both on the 
permeability of the plasma membrane and on the readiness with 
which the protoplasm combines with the dye. An indicator 
may be either adsorbed -or it may be bound chemically . Naturally 
the concentration of the dye within the cell will be very different 
from its concentration in the surrounding solution. The intensity 
of its color will therefore be quite different, and one is apt to 
make errors if one attempts to estimate pH from color intensity. 
Some authors have tried to control the amount of indicator 
in the cell by injecting indicators with micropipettes. Perhaps 
more reliable results can be obtained in this way, but it is always 
difficult to control the amount of dye injected, and there is al- 
ways the chance of violent injury. 

It seems obvious that the most reliable results can be obtained 
with indicators that undergo a complete change of color, rather 
than with those that merely change their shade. An indicator 
may be light red or dark red either because of a difference in pH 
or because of a difference in concentration of the indicator: and 
the concentration of the indicator is not known. But when an 
indicator changes from red to blue, the concentration does not 
so much matter. For this reason some investigators have empha- 
sized the importance of using indicators which change color, 
and it is obviously an advantage to use as many different indi- 
cators as possible. This point of view has been most often stressed 
by Small and his collaborators (see Small ’26, Rea and Small ’26 
and various other papers in volumes I, II and III of Protoplasma). 
Unfortunately Small and his co-workers have used alcoholic 
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solutions of indicators, so that their results are valid for dead 
cells rather than for living cells. Small claims that his results 
can be duplicated with aqueous solutions of the indicators, blit 
apparently many or most of the dyes he uses are strongly toxic, 
so that even in aqueous solution they kill the cells. Since the 
above was written, Small has recognized the error due to the 
presence of alcohol, and has attempted to devise a new and im- 
proved technique (see Ingold and Small ’28). 

In view of the uncertainty with regard to the various methods 
which have been used for the determination of the pH of living 
cells, it is difficult to decide which values are the more likely 
to represent the nearest approach to the truth. In their w r ork 
on the starfish egg, Chambers and Pollack ’27 used a number 
of indicators and observed color changes rather than mere diffe- 
rence in intensity of shade. They found the pH to be 6,7. Indeed 
many workers have found the pH of living cells to lie somewhat 
on the acid side of the neutral point. However the results of 
various investigators are far from concordant, and we have as 
yet no means of knowing whether this discordance is due more 
to differences in the hydrogen ion concentration of different 
types of protoplasm, or to errors in method and observation. 
For references to literature on intracellular hydrogen ion concen- 
tration, see Pfeiffer ’26, Reiss ’26. 

An interesting recent paper is that of Vles and Vellinger ’28. 
They used the natural pigment of the Arbacia egg as an indicator 
and they were thus able to determine the pH without crushing 
the eggs and without injuring them by microdissection. Examined 
spectroscopically the pigment of the Arbacia egg shows different 
absorption bands at different hydrogen ion concentrations. 
Prom their studies Vles and Vellinger concluded that the pH 
of the Arbacia egg cytoplasm in the neighborhood of the pigment 
granules was between 5.2 and 5.9. 

In all types of protoplasm there are many and complicated 
chemical reactions. Of these reactions the ones most often studied 
are the oxidation-reduction reactions. From a physico-chemical 
standpoint, oxidation involves the loss of an electron or electrons 
from a molecule. By the study of electric oxidation-reduction 
cells, it is possible to express the tendency for a substance to be- 
come oxidized or reduced in terms of electrical units. The measure 
of this tendency is the oxidation potential. It is to be hoped that 
Protoplasma-Monographien I: Heilbrtmn 3 
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in the future accurate determinations of the oxidation potential 
of protoplasm will be possible. Thanks to the work of Clark, a 
beginning has already been made, as can be seen from the review 
of J. and D. M. Needham ’2 6. But in the words of these authors, 
“Much investigation and much thought will be needed before 
the nature of the assumptions required in the application of 
oxidation-reduction potential to living systems is accurately 
understood”. An important recent contribution is that of Cohen, 
Chambers, and Reznikoff ’28. 

Oxidation-reduction reactions are not the only type of reactions 
which occur in protoplasm. Proteins are broken down or built 
up, fats are hydrolyzed, glycogen undergoes various transforma- 
tions. Probably a cell contains at least twenty or thirty types 
of enzymes, all capable of furthering particular chemical reactions. 
It is difficult to understand how so many different reactions 
could go on more or less simultaneously within the narrow con- 
fines of a droplet of protoplasm. As a formal explanation of this 
difficulty, Hofmeister ’01 proposed the theory that the cell 
was divided by partitions into many small chambers. Various 
enzymes were thus separated from each other, and each controlled 
its own type of reaction in its own allotted space, never diffusing 
into a neighboring compartment. 

Although the- theory of Hofmeister has been accepted by 
many, it certainly can not apply generally. As will be shown 
later (see chap. 5), some types of protoplasm have a very low 
viscosity, and this would be quite inconceivable if the cell were 
divided up by partitions. On the basis of our actual knowledge 
concerning the morphology and the physical properties of proto- 
plasm, it is much more logical to assume that the chemical reac- 
tions of living cells occur most frequently at the surfaces of the 
protoplasmic granules. The conditions for chemical reaction are 
especially favorable at surfaces, and this is particularly true 
for enzyme reactions. The work of Warburg (see for example 
Warburg ’21), offers definite evidence that certain reactions 
which occur in living systems are really surface reactions. 



f In a few cases the ordinary technique of the colloid chemist can 

be applied to the living cell, but in order to answer many important 
questions, one must employ methods specially adapted to the 
peculiar form and delicacy of protoplasm. Of the methods that 
have been used not all are good. Obviously no scientific method 
f is without its limitations. One could hardly expect any great 

degree of accuracy in the physical determinations made on living 
cells. An inaccurate determination is certainly better than no 
determination at all. But it must be remembered that subjective 
j impressions are more apt to hinder scientific progress than to 

j advance it. And in its beginnings the colloid chemistry of proto- 


plasm has had to suffer a great deal from the hastily published 
guesses of its pioneers. 

There are three types of methods that have been used in 
the colloidal study of protoplasm : optical methods, methods of 
viscosity determination, and electrical methods. The classi- 
fication is not an exact one. Indeed, one type of viscosity deter- 
mination is almost purely an optical method. 

In the last analysis, practically every colloidal investigation 
of the living cell involves optical study, for without a microscope 
the cell would typically be invisible. Mere examination with a 
microscope can give some information about the properties of 
the cell as a colloidal system. The sixes of the various granules 
in the protoplasm are important items which, can be decided 
by direct microscopic study. Occasionally the appearance of 
new granules or the disappearance of some already present may. 
be seen with the ordinary microscopic lenses. Sometimes new 
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films or membranes can be observed in process of formation. 
But as long as the. biologist depended entirely on what he saw 
in the cell, his knowledge of its colloidal properties remained 
very slight. With a microscope alone, one can in general obtain 
only scant information regarding the physical properties of 
protoplasm. Nevertheless, in the past many authors have not 
hesitated to express bold and certain opinions on the basis of 
pure morphological observation. But what to one author looks 
like coagulation or gelation may to another seem like a solation. 
Protoplasm is an extremely intricate system, and frequently 
one is led astray by its complexities. Great care must be taken 
in interpreting observations. At least one writer has regarded 
the increase in volume of a cell as evidence of its solation or 
liquefaction. This may at first sight seem perfectly plausible, 
and yet frequently increase in volume of a cell is accompanied 
by a pronounced gelation. 

It is quite possible that in some types of living material 
careful observation with an ordinary microscope may give very 
valuable information concerning colloid chemical processes. 
Thus in cells relatively free from granular material it might be jfe 
possible to observe the formation of new granules or strands. 

It might also be possible to note gross changes in the refractive 
index of the protoplasm. But certainly in the past, purely mor- 
phological study of living cells has yielded very little definite 
and indisputable evidence concerning the colloidal properties 
of the living substance. This may have been due in part to the 
inability of the older cytologists to interpret their observations 
properly from a physical standpoint, but the main difficulty 
lies in the fact that physical changes in the protoplasm of a cell 
are frequently quite invisible with an ordinary microscope. Some 
cells may become completely coagulated or gelatinized without 
any obvious change in their appearance. 

In recent years the colloid chemist has found good use for 
the polarization microscope. With it he has often been able to 
demonstrate shapes and arrangements of colloidal micellae. 
Fortunately the polarization microscope can also be used on 
biological material, and it frequently has been. Indeed long 
before there was a science of colloid chemistry, biologists were 
well acquainted with the polarization microscope and some 
of them contributed, to the theory of its use. With the devel- 
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opment of staining and . sectioning methods, interest in the 
polarization microscope waned, as biological workers became 
more and more involved in all the complicated technique of 
classical cytology. But even though stained and colored cells 
show many details which invite description, such cells are of 
course very much dead, and in recent years there has been a 
pronounced reaction against the type of cytology which makes 
no attempt to investigate the cell as a living object. New instru- 
ments for examining the living cell have been sought for. In 
late years, stimulated perhaps by the discoveries of the colloid 
chemists, biologists have again started to examine animal and 
plant material under crossed nicols. A book by W. J. Schmidt 
(’24b), gives a resume of old and new* work in this field. Most 
of the researches have been made on inanimate fibers, but some 
observers have examined living muscle and also other types of 
protoplasm. 

The polarization microscope is a complicated instrument 
and its use could hardly be explained in a page or two. The 
recent book of Ambronh and Frey ’26 provides a fairly complete 
manual; it gives details both as to theory and practice. There 
is a pamphlet written by Schmidt ’24 a, which is simpler, but 
not so inclusive. In the main a polarization microscope is an 
ordinary microscope provided with one nicol prism below the 
object and one above. There is also provision for inserting thin 
plates of quartz, mica, etc., of various thicknesses and of various 
optical properties. When an object is view r ed under crossed 
nicols, it appears black if it is isotropic, no matter in which po- 
sition it lies on the stage of the microscope. Anisotropic or doubly 
refractive objects appear bright under crossed nicols, and as they 
are rotated on the stage of the microscope, there are two positions in 
which they appear brightest and two in which they appear darkest. 

To be studied profitably under a polarization microscope, 
an object must be anisotropic. This anisotropy may depend on 
the presence of fibers or plates, or it may he due to the fact that 
the body is subjected to greater pressure in one plane than in 
another. The fact that fibrils show anisotropy explains why 
muscles and nerves are such excellent objects for study under 
the polarization microscope. Unfortunately undifferentiated 
protoplasm is typically isotropic (see p. 97), and it is thus not' 
possible to study it with the polarization microscope. 
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In the development of the science of colloid chemistry, the 
ultramicroscope has played a very important part. -This instru- 
ment makes possible the study of particles smaller than those 
which can be seen with the ordinary microscope. The principle 
of the ultramicroscope is quite simple. Ordinarily light is sent 
in parallel rays through the tube of the microscope. But in ultra- 
microscopic study the object is illuminated from the side and the 
image which, is seen by the observer is not formed by the absorption 
of light but rather by the rays which are diffracted from the 
surface of the object. 

Various textbooks of colloid chemistry and of microscopy 
give information regarding the theory of the ultramicroscope. 
Reference may also be made to the papers of Siedentope (’07 a, b ; 
J Q8, ’09). In ultramieroscopic study of protoplasm, either a 
paraboloid or a cardioid condenser is ordinarily employed. 

In the use of the ultramicroscope for biological study, it 
must be remembered that the protoplasm is not free, but that 
it is surrounded by a membrane or membranes. This introduces 
one complication, and there are others. Apparently only certain 
material is favorable for study. The following quotation from 
Pbice T4 is instructive: 

“ Considerable difficulty is experienced in selecting material 
suitable for observation and experiments in various directions. 
Gaidukov showed that only in certain cases was good observation 
possible. The considerations affecting the suitability of material 
are roughly as follow: the tissues or structures must generally 
be only one cell in thickness ; the walls of the cells must be opti- 
cally homogeneous, the diameter of the cell or cell-filament must 
not he so small that the diffraction image of the walls interferes 
with observation of the cell contents; and the cells must not 
contain a large number of bodies of the nature of chloroplasts, 
as these, by scattering the light, interfere with good observation 
of the more minute structures.” 

Some authors in using the ultramicroscope have failed to 
recognize the limitations of the method when it is used on living 
material, and they have sometimes drawn too hasty conclusions 
regarding the presence or absence of colloidal particles, or the 
physical state of the protoplasm. When a cell is surrounded by 
'a membrane or wall which appears bright in the darkfield, great 
caution must be exercised in interpreting results obtained from 
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a study of the interior. As an example of the inadequacy of the 
method under these conditions, it may be noted that in sala- 
mander blood cells, according to Aggazzotti ’10, the nuclei of 
the cells are almost or completely invisible when the cells are 
examined under darkfield. In Aggazzotti’s figures of these cells 
he shows no nuclei. In this case the light entering the field from 
the side is largely diffracted from the surface of the cell. Under 
conditions of this sort, the visibility of structures within the cell 
depends largely on the amount of light that enters. Changes 
in the physical structure of a cell wall or membrane may very 
readily have an effect on the amount of light that is able to enter 
the cell. In a recent paper, Shi w ago ’26 warns against inter- 
pretations arrived at by use of the darkfield, that is to say the 
ultramicroscope. Especially is this true in the study of the 
nucleus. Frequently, owing to the brightness of the nuclear 
surface, the interior of the nucleus appears optically empty in 
darkfield, although study under ordinary conditions of illumina- 
tion clearly shows the presence of structures within it. 

In studying the colloid chemistry of protoplasm, it is of 
great importance to be able to detect physical changes in the 
living substance. No property of colloidal systems is of more 
importance than the viscosity, and it is very fortunate that in 
recent years methods have been developed which make it possible 
to estimate and even to measure the viscosity of the protoplasm.. 

In most experiments, it is only necessary to determine the 
viscosity at a certain time or under a certain set of conditions. 
If, on the other hand, one wishes to compare the viscosity of 
protoplasm with the viscosity of inanimate fluids, it is essential 
to know the viscosity in absolute units. The measurement of 
the absolute viscosity of protoplasm is not a simple matter and 
the values that have been obtained have varied with the type 
of method employed. In the next chapter the whole subject 
of absolute viscosity determination will be examined critically, 
and for the present we shall consider only the measurement 
of relative viscosity. 

When one crushes a cell under a cover slip, often the proto- 
plasm emerges and flows into the surrounding medium. The 
speed of outflow depends on the viscosity of the protoplasm, 
and by observing cells subjected to pressure, several early obser- 
vers were able to estimate protoplasmic viscosity (see Reduce ’95, 
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Albrecht *98). Unfortunately when protoplasm emerges from 
a cell, it is no longer in a normal state. It may become mixed 
with the surrounding medium. Frequently as the protoplasm 
starts to emerge from the cell, it becomes surrounded by a film 
or membrane (see chap. 13). The nature of this film or membrane 
varies under different conditions. Under certain conditions it 
forms much more rapidly than under others. There are thus 
two factors which govern the speed of outflow of protoplasm 
from a cell. One is the viscosity of the protoplasm, the other is 
the reaction which the protoplasm undergoes when it comes in 
contact with the outer medium. This second factor can be very 
important. Thus, if one crushes Arbacia eggs in sea-water and 
in isotonic sodium chloride solution, the speed of emergence 
of the protoplasm is much greater in the second case. This is 
due not to a lower viscosity, but to the fact that in sea-water 
Arbacia egg protoplasm forms a film or membrane as it emerges, 
and no such film forms in isotonic sodium chloride solution in 
the absence of calcium (see p. 222). 

In recent years, many workers have studied the viscosity 
of protoplasm by inserting fine glass needles into living cells. 
This microdissection method was introduced by Kite T3. He 
employed a Barber pipette holder for the mechanical mani- 
pulation of the needles. Following Kite, more perfect apparatus 
has been developed, and microdissection instruments are now 
to be found in most biological laboratories. The two most common 
types are the Chambers microdissection apparatus, and the 
Peterfi micromanipulator. The former is sold by Leitz, the 
latter by Zeiss. Other types of apparatus have also been described 
(Bishop and Tharaldsen *21, Taylor ’25c). For a general dis- 
cussion of method, see Chambers ’22, Peterfi '24, ’27b. When 
a cell is to be dissected, it is placed in a small hanging droplet 
of fluid in a moist chamber and is there operated upon. 

Beyond any question, the microdissection and microinjection 
methods have found many uses in biology and will doubtless 
continue to find many more. For the measurement of viscosity 
however, the microdissection method can at best give only in- 
dications of gross differences in viscosity. And even for these 
it is more or less uncertain. Mierodissectionists themselves now 
generally believe that the introduction of a needle or a pipette 
into a cell produces injury (see for example Peterfi ’27, 
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Chambers and Pollack ’27, -Howland and Pollack '21). Such 
injury might conceivably cause either increase or decrease of 
viscosity. It is sometimes a little difficult to understand just 
what criteria are employed for viscosity determination by the 
users of the .microdissection method. In some instances the 
experimenter seems to rely most on his general impressions, 
as he watches the needle pass through a cell. In many cases, 
apparently, the viscosity is judged largely from the speed of flow 
of protoplasm from injured cells. Thus, for example, Sbxfriz ’26b 
states: “Owing to the extraordinary thinness of the cytoplasmic 
layer lining the wall of the amphibian red cell it is quite impossible 
to obtain any direct evidence of the consistency of the protoplasm . 
The cytoplasm can not be made to flow out of the corpuscle 
and retain its identity, as is possible in other types of cells, and 
thus permit a determination of the consistency with a fair degree 
of accuracy.” For some microdissectionists, the fact that certain 
types of protoplasm can be cut into discrete fragments is taken 
as evidence of high viscosity. If the microdisseetionist makes his 
viscosity determinations on the basis of the speed of outflow of 
protoplasm from a cell, or on the basis of the fact that some cells 
can be cut into fragments and others not, then such determinations 
are subject to the same objections already considered for the 
case in which the protoplasm is squeezed out of the cells. Here 
too, just as in the case of the cells crushed under a cover slip, 
the reaction between the naked protoplasm and the surrounding 
medium certainly plays an important role. Consider for example 
the case previously mentioned of Arbacia eggs in isotonic sodium 
chloride solution and in sea- water. In the sea- water the eggs 
can be cut into discrete fragments, whereas in the isotonic sodium 
chloride solution in the absence of calcium, the protoplasm 
disperses as soon as the cell is cut. To a microdisseetionist this 
would mean that the protoplasm was more viscous in sea-water, 
which is quite the opposite of the truth (see chap. 9). The fact 
that the cells can be cut into discrete fragments in the presence 
of calcium, and not otherwise, is due to the fact that the formation 
of a film or membrane around the naked protoplasm depends 
on the presence of calcium (see chap. 13). 

In 1920, Seifriz made an attempt to put the microdissection 
y method of measuring viscosity on a semi-quantitative basis. 

He arranged a series of ten “viscosity values” which he based 
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on the viscosity of various known substances. These are shown 
in the following table, which is taken from Seifriz 5 s paper. 


Scale of viscosity values according to Seifriz 


Viscosity 

value 

Descriptive term 

Percentage 

I of gelatine 

j. 

Substanceshaving an 
equivalent viscosity 

1 

Watery . . . . . . * * 

0.0 

Water 

2 

Very liquid ...... 

0.05 


3 

Liquid ........ 

0.2 

, — / 

4 

Slightly viscous .... 

0.4 

; — , . 

5 

Rather viscous . . . . . 

0,5 

Paraffine oil 

6 

Decidedly viscous . . . 

0.6 

— 

7 

Very viscous. 

0.7 

Glycerine 

8 

Extremely viscous . . . 

0.8 

Bread-dough 

9 

Gel . df f 

1.0 

Vaseline 

10 

Rigid gel . .... • • 

2.0 

Firm gelatine 


Regarding the gelatin he used in his comparison values, 
Seifriz says that it formed a soft jelly at 18 ° C, when the con- 
centration was as low as 0,8 %. Presumably in concentrations 
lower than this the gelatin remained fluid. 

In a recent paper (Heilbrtjnn ’27 a), the following statement 
was made: “That anyone should be able to measure viscosity 
accurately by observing the passage of a mechanically controlled 
needle through protoplasm seems on the face of it unlikely. It 
would be easy to put the matter to a test. If a microdissectionist 
were given certain unknown samples of fluids, it would be inter- 
esting to see how his estimates of their viscosity compared with 
the known values.” 

When the above sentences were written it w r as not realized 
that the table of Seifriz was an actual example of such a test. 
Solutions of gelatin so dilute that they do not gel have a viscosity 
only about twice that of water. True, the viscosity varies at 
different rates of shear (see for example Freundlich and Abram- 
son 5 27), and the rate of shear in Seifriz’s needle tests is not 
defined. But even at very low rates of shear the viscosity of 
dilute gelatin sols is probably not over three or four times that of 
water. And yet Seifriz regards the viscosity of a 0,7 % gelatin sol 
as equal to that of glycerine, "which has a viscosity approximately 
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a thousand times that of water. A method which even occasionally 
permits of an error of 20 000 % can scarcely be regarded as a 
reliable method. 

As early as 1880, it was knowm that the starch grains of 
plant cells moved under the influence of gravity and became 
accumulated in the lower part of the cell (see Dehnecke ’80, 
Heine ’85). Nemeo ’01a, noticed that the speed of fall of such 
grains was much slower at a temperature of 6° C., and he suggested 
that this was due to an increase in the viscosity of the protoplasm. 
Heilbronn ’12, ’14, first proposed to use the speed of fall of 
starch grains as a measure of the protoplasmic viscosity. As a 
matter of fact, the speed of fall of spheres through fluids is fre- 
quently used by physicists and physical chemists as a measure 
of the viscosity, and not a few viscosimeters have been constructed 
for the purpose of determining viscosity of inanimate fluids 
in this manner. The principle governing all these measurements 
finds mathematical expression in the well known equation of 
Stokes. This equation will be considered in the next chapter, 
for in the determination of absolute viscosity certain corrections 
must be applied to it. These corrections are much less important 
for the measurement of relative viscosity, and for the present 
wo will assume, as Heilbronn does, that the viscosity is strictly 
proportional to the time of fall of particles through a fluid. In 
order to measure the time of fall, Heilbronn cut longitudinal 
sections through young seedlings and placed them on the stage 
of a microscope tilted in such a fashion that the stage was vertical. 
The sections were cut in such a w r ay that at least one layer of 
cells remained intact. Care had to be taken to study none but 
intact cells. Even in these the protoplasm showed effects of the 
sectioning process. Immediately after sectioning, the viscosity 
was high, due to the stimulation of the wound. After 10 or 15 
minutes the viscosity decreased rapidly, remaining low for perhaps 
three hours, after which there was a pronounced viscosity increase, 
which Heilbronn interpreted as due to the death of the cells. 

Beyond any question the gravity method of measuring 
protoplasmic viscosity is a very valuable one. It must nevertheless 
be admitted that the cells in thin sections of plant tissues are 
far from being in a normal state. The very fact that they die 
within three hours is an indication that they are not in the same 
condition that they were in before sectioning. Moreover the 
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effect of wounding may be a serious complicating factor (compare 
Zollikofer ’18). In the use of the gravity method, it would 
seem far better practice to expose the intact plants or tissues 
to the action of gravity, and then to cut sections later. In this 
way any effects of wounding would be avoided. As a matter of 
fact Nemec as early as 1901 made a few viscosity tests in this 
way. Recently Buenning *26 a has also used the gravity method 
on intact masses of tissue. 

Certain types of plant material are more favorable for study 
by the gravity method than are others. In the opinion of Prof. 
Weber, who has used the gravity method more than any other 
worker, starch sheath cells are not as favorable as cells richer in 
protoplasm, for example root cap cells, or cells of the coleoptil 
of wheat seedlings (personal communication). 

The granules and inclusions of animal cells do not ordinarily 
move under the influence of gravity, and the movement when 
it occurs is usually very slow 7 . It is advantageous therefore to 
subject these cells to a stronger force than that of gravity. With 
a small hand centrifuge or with an electric centrifuge, a centri- 
fugal force can be developed which may be thousands of times 
as great as gravity. Fortunately living cells can be subjected 
to centrifugal force without injury. Many workers in the field 
of experimental embryology have used the centrifuge in the 
attempt to analyze the developmental potencies of various visible 
structures of marine ova (for literature see Morgan ? 27). In 
these experiments, granules were shifted to one side or the other 
of the egg, so that, later, definite regions of the embryo contained 
certain granules and not others. In most instances, in spite of 
the abnormal distribution of the granular material, the embryos 
developed perfectly normally even after prolonged and drastic 
centrifugal treatment. 

The embryologists who centrifuged eggs, frequently noted 
that the granules moved more readily at one stage than at another . 
Generally they referred these differences to differences in the 
viscosity of the protoplasm, but they made no systematic obser- 
vations on the viscosity differences, and their published state- 
ments consist of a few scattered remarks. Only in relatively 
recent years has it been realized that the centrifuge method is 
an extremely important means of determining the viscosity of 
living protoplasm. 
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As has already been mentioned, the speed with which a 
particle moves through a fluid varies inversely with the viscosity. 
For relative measurements of viscosity it is only necessary to 
determine the speed with which the protoplasmic granules move 
under the influence of a given centrifugal force. In this way, 
for a particular type of protoplasm, one can discover how the 
viscosity changes from time to time, or how it changes when 
the protoplasm is treated with various reagents. In the next 
chapter, it will be showui that absolute viscosity can also be de- 
termined by the centrifuge method. Some further details regarding 
the theory of viscosity measurement by the centrifuge method 
will then be considered. The use of the centrifuge for viscosity 



Fig. 1. A, Centrifuged egg of Arbacia, after Lyon ’07 and Morgan and 
Spooner 7 G9. B. Centrifuged egg of Cumingia, after Morgan TO, 

determination requires no technical skill. Measurements can be 
made in a relatively short time. If one only wishes to .know 
whether the viscosity is increased or decreased by a given reagent, 
it is merely necessary to centrifuge treated and untreated cells 
simultaneously (in separate tubes) for an appropriate time, and 
then to note the degree of granular movement under the micro- 
scope. On the other hand, if one wishes a more exact measure 
of the change in viscosity produced by the reagent, it is necessary 
to make a series of tests in which the cells are centrifuged for 
varying intervals of time. In this way it is possible to determine 
how many seconds are required to move the granules a certain 
distance through the cell, and this gives the speed. A few practical 
hints with regard to the centrifuge method of measuring proto- 
plasmic viscosity are given in a recent paper (Heilbrunn ’26 a). 
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In order to obtain an idea of what happens when cells are 
centrifuged, reference may be made to Fig. 1. This shows a cen- 
trifuged egg of the sea-urchin Arbacia and a centrifuged egg of 
the clam Cumingia. 

The use of the centrifuge method is not limited to animal 
cells. Following some older experiments in which the centrifuge 
was used for other purposes (Dehnecke ’80, Mottier ’99, An- 
drews ’03), in recent years various observers have determined 
viscosity in plant cells with the aid of centrifugal force. The 
first worker to employ the centrifuge for the measurement of 
the protoplasmic viscosity of plant cells was Sztics T3. 

One advantage of the centrifuge method lies in the fact 
that is can be used on relatively large masses of material. Whole 
animals can be centrifuged, and their tissues can then be fixed 
and sectioned in order to determine the speed of granular move- 
ment in the individual cells. In such tests rapid fixation is essential, 
for the granules following centrifugal treatment slowly return 
to their original positions. It is doubtful if results can ever be 
obtained with small cells, for in such cells the proximity of the 
cell wall exerts a retarding influence on the movement of the 
granules, and so does the nuclear membrane, if the nucleus is 
of relatively large size. In large nuclei it is sometimes possible 
to observe movements of nucleoli or chromatin under the influence 
of centrifugal force, so that it might be possible to determine 
the viscosity of the interior of the nucleus. Until now, no such 
determinations have been made. 

In using the centrifuge method to measure relative viscosity, 
it must be remembered that the speed with which the granules 
move depends not only on the viscosity, but on various other 
factors as well. Were the size of the granules to change, or their 
specific gravity, this would make a difference in their rate of 
travel. Various reagents might very w r ell alter the size or the 
specific gravity of protoplasmic granules, and the observer should 
be on his guard against the possibility of such an effect. Changes 
in size, if appreciable, ought to be visible under the microscope. 
In those instances in which cells contain both heavy and light 
granules which move to opposite ends of the cell on being centri- 
fuged, the possibility of error due to changes in the specific 
gravity of granules can usually be excluded. For if both types 
of granules show the same variations in speed under different 
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conditions, one can be quite certain that the differences are due 
to viscosity and not to changes in specific gravity. Suppose for 
instance that a reagent caused an increase in the specific gravity 
of the heavier granules. It would be quite improbable that the 
same reagent would cause an exactly comparable decrease 
in the specific gravity of the lighter granules, and yet unless such 
an equivalent decrease occurred, the movement of the lighter 
granules would be relatively slower. 

To some authors (e. g. Chambers 5 21, ’24 first imprint but 
not second), it has seemed that centrifugal treatment of cells 
might very well alter the viscosity, that the movement of granules 
through the protoplasm might tend to injure or to liquefy it. 
An effect of this sort would not have as much importance for 
measurements of relative viscosity. If a given sort of protoplasm 
were centrifuged at two times or under different conditions, if 
it were more viscous at one time than at another, it would, offer 
more resistance to the movement of granules even if this movement 
did gradually cause liquefaction. As a matter of fact, the only 
actual tests that have been made indicate that the movement 
of granules through the protoplasm has no liquefying action 
at all. It is certain that if such a liquefying action occurred, 
or if the centrifugal treatment broke down fibers or a network 
in the protoplasm, then centrifuge tests at a higher rate of speed 
should give lower viscosity values. For if the shearing force 
of the granules is greater, then the viscosity should be less, on 
the assumption that the movement of the granules produces a 
lowering of viscosity. But, as a matter of fact, tests both with 
Arbacia and Cumingia eggs, show that no matter how fast or 
how slow the centrifuge is turned, the same viscosity values are 
arrived at. The data for the Cumingia egg will be presented in a 
later chapter (see p. 94). 

The use of the centrifuge method for the cells of the alga 
Spirogyra presents a special case, and in view of the fact that 
these cells have often been used in viscosity measurements, a 
few words regarding them will not be out of place. Spirogyra 
cells, as everybody knows, contain large spiral chromatophores . 
It is the speed of displacement of these chromatophores that is 
used as an index of protoplasmic viscosity. The physical structure 
of the Spirogyra cell is not well understood, but we can with 
justice assume that the chromatophore lies loosely imbedded 


48 


CHAPTER IV 


hi a layer of protoplasm which completely lines the cell wall. 
Under the influence of centrifugal force, the chromatophore 
tends to move past the cell wall, from which it is separated by 
a layer of fluid. Viscosity is defined as the resistance offered by 
a fluid lying between two planes to the movement of one plane 
over the other*. Obviously the speed of movement of the chroma- 
tophore in the Spirogyra cell is an inverse measure of the vis- 
cosity of the protoplasm in which it is imbedded. If the measure- 
ment is to be exact, it is of course essential that the chroma- 
tophore does not itself undergo a marked change in physical state. 

A very useful method for the measurement of protoplasmic 
viscosity is the determination of the speed of Brownian movement 
of granules in the cytoplasm. In comparatively recent years, 
this method has been used by Chifflot and Gautier ’05, by 
Leblond T9a, b, by Bayliss ’20, and others, and there is ap- 
parently a general belief that the use of Brownian movement 
to measure viscosity is a twentieth century development. As 
a matter of fact, soon after the middle of the nineteenth century 
many biologists made observations on Brownian movement in 
living cells, and at least some of these workers regarded their 
observations as a source of information regarding the fluidity 
or viscosity of the protoplasm. Thus Lieberkuhn in 1870 begins 
a long paper with the following sentence: “In den nachfolgenden 
Mitteilungen wird vielfach die Brownsche Molekularbewegung 
benutzt, um iiber die Anwesenheit leichtfliissiger Substanzen zu 
entseheiden.” 

In general, the observations that have been made on Brownian 
movement are not very exact. The movement is seen to be vi- 
gorous at one time, and less vigorous or absent at another. There 
have been no published papers on the actual speed of the granules, 
and measurements of such speed would usually be very difficult 
to make. However, in some cells it is possible to follow the move- 
ments of a single granule and in this way to determine the 
speed. In other cells the granules are so crowded together that 


* More exactly, according to Maxwell: The viscosity of a sub- 
stance is measured by the tangential force on unit area of either of two 
horizontal planes at unit distance apart, one of which is fixed while the 
other moves with the unit of velocity, the space between being filled 
with the viscous substance. 
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no observation of their Brownian movement is possible. This 
is often the case in marine eggs. In such instances the speed of 
Brownian movement may sometimes be determined by estimating 
the speed with which the granules return through the cell, after 
they have been centrifuged into one end. An example of such 
a determination will be given in the next chapter. 

In 1922, Heilbronn described a new method of viscosity 
measurement, the magnetic method. Small iron particles were 
introduced into the protoplasm of slime molds, and the protoplasm 
was then placed in the magnetic field of an electro-magnet. In 
his first experiments, Heilbronn determined the distance from 
the magnet and hence the magnetic force necessary to cause a 
barely perceptible movement of a small iron sphere. Later, he 
studied the twisting of iron rods within the protoplasm. As 
Heilbronn himself points out, these methods are only possible 
for large masses of protoplasm. Details regarding Heilbronn’ s 
measurements will be found in the next chapter (see p. 62). 
Seifriz ’24 modified Heilbronn’s method. He used nickel 
particles, and injected them with the aid of a micropipette. In 
order to measure viscosity, Seifriz determined the speed with 
which the nickel particle approached the electromagnet. For 
a further discussion of Seifriz ’s experiments, see p. 64. 

Still another method of viscosity determination is the plasmo- 
lysis form method recently advocated by Weber (see Weber ’21 a, 
’24 a, c, d; ’25 a, b, c, d). When plant cells are plasmolyzed, 
the border of the cell may be perfectly smooth, in which case 
the plasmolysis form is said to be '‘'convex”, or it may be angular 
("eekig”). When the border of the cell is extremely uneven, the 
plasmolysis is said to be a "Krampfplasinolyse”. Sometimes 
the term "concave” is used as opposed to convex. For illustra- 
tions of various types of plasmolysis form, see Fig. 2. The reason 
for the different types of plasmolysis under different conditions 
was at first uncertain. It seemed quite probable that surface 
conditions might play an important role. However, Weber has 
shown that in general there is a perfect correlation between the 
type of plasmolysis and the viscosity of the interior of the pro- 
toplasm as determined by the centrifuge method. With low pro- 
toplasmic viscosity, convex plasmolysis occurs. As the viscosity 
increases, the plasmolysis becomes angular or "eckig”, and w r ith 
still higher viscosity, “Krampfplasmolyse” appears. It seems 

Protoplasma-Monographien 1: Heilbrurm 4 
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fair ly safe, therefore, to use the plasmolysis form as an indicator 
of the relative viscosity of the interior protoplasm. The plasmolysis 


A 



Eig. 2. Diagrams of plasmolysis form. A. Spirogyra, semidiagrammatie, 
chloroplast not shown; 1. convex, 2. “eckig”, 3. concave (“Krampfplas- 
molyse”). B. Epiphyllum, concave plasmolysis, after Pringsheim ’64. 
C. Dentaria, concave plasmolysis, after Naegeli ’55. These diagrams were 
made under the direction of Prof. Weber. 

form method of estimating protoplasmic viscosity has the advan- 
tage that it is very simple and that it can he employed on some 
types of material that are not easily tested by other methods. 
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In many plant cells the protoplasm is more or less con- 
tinually in a state of flow. Botanists have frequently measured 
the rate of such flow under various conditions, and the literature 
of plant physiology contains numerous valuable observations of 
this sort. It is beyond any question logical to assume that the 
speed of protoplasmic streaming decreases with increasing vis- 
cosity. But if, under a given set of conditions, it is found that 
the rate of protoplasmic streaming decreases, one can never be 
certain that the effect is due to an influence on the viscosity 
or to a direct influence on the force or forces which occasion the 
protoplasmic streaming. Until these forces are known, we can 
only regard the data on protoplasmic streaming, as suggestive. 
In this connection it is interesting to note that Heilbronn ’14 
measured both the rate of protoplasmic streaming and the vis- 
cosity of the protoplasm in the cells of longitudinal sections of 
the stem of Vida { aba seedlings. In such cells, the viscosity de- 
creased for two hours and twenty minutes and then underwent 
a sharp increase. For an hour and a half, the speed of protoplasmic 
streaming increased with the decrease in viscosity and at a corre- 
sponding rate, then however the speed of protoplasmic streaming 
began to decrease even though the viscosity of the protoplasm 
was still decreasing. It is thus obvious that the speed of proto- 
plasmic streaming is not always a perfect measure of the viscosity. 

Belehbadek ’24 — ’25 has attempted to obtain a more 
accurate measure of the viscosity from the speed of protoplasmic 
streaming. It has long been known that in the moving protoplasm 
of a plant cell, the tiny granules move at a faster rate than the 
ehloroplasts. Belehrabek believes that the ratio of the speed 
of the ehloroplasts to that of the tiny granules is a measure of 
the viscosity. In support of this rather unusual idea, Belehradek 
states that with increasing viscosity the protoplasm would tend 
to pull along the ehloroplasts and would more and more prevent 
them from being retarded by the cell wall. In the standard 
definition of viscosity, we conceive of two parallel planes, each 
of unit area, as being of unit distance from each other and sepa- 
rated by a given substance. The retardation which one plane 
suffers in moving over the other is a measure of the viscosity. 
Obviously from this definition, with increasing viscosity of the 
protoplasmic fluid between cell wall and chioroplast, and between 
cell wall and granule, there will be an increasing retardation of 
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the speed of the chloroplast ■ or granule, and this retardation will 
be greater the greater the surface of the chloroplast or granule. 
This is evidently a very important factor, but it has been com- 
pletely neglected by Belehradek, who seems to think that the 
greater the viscosity the greater the speed of the chloroplast. 
As a matter of fact, Belehradek himself states that it is almost 
impossible to determine in any rigorous manner in what manner 
the viscosity of the protoplasm depends on the ratio of chloroplast 
speed to granule speed. Not being able to solve the problem, 
Belehradek is content simply to divide chloroplast speed by 
granule speed and to regard this simple fraction as a measure 
of the viscosity. From what has gone before, it appears somewhat 
doubtful if it would not be better to divide granule speed by 
chloroplast speed instead of chloroplast speed by granule speed. 

Even more unconvincing is the method of viscosity deter- 
mination nronosed bv Belehradek in 1926. By measuring the 


sumption that the speed of the process is governed by one chemica l 
reaction which obeys the formula he proposes. The various com- 
plications involved in the interpretation of temperature coeffi- 
cients have to some extent been outlined in a short note, Heil- 
brtjnn J 25e. To ignore all these complicating factors, to assume 
one reaction instead of many, to assume moreover that colloidal 
viscosity acts in the same fashion as the viscosity of true solutions 
on the rate of chemical reaction, all these assumptions may lead 
to a formulation which permits of viscosity measurement; but 
for the present at least, until the nature of the assumptions and 
their justification is more clearly understood, it seems probable 
that the more direct types of viscosity 7 determination are to be 
preferred. 

The electrical properties of colloids are v ery important . 
When an electric current is sent through a colloidal solution, 
the colloidal particles typically wander either to one electrode 
or the other. This is the well known phenomenon of cataphoresis. 
Many investigators have studied the cataphoresis of living cells. 
This can very conveniently be followed, or rather measured, under 
the microscope’. For the technique of such measurement, see 
Mxchaelis ’21. Special apparatus has also been devised by 
Northrop and Kxjkitz (see Northrop ’22, Kitkitz ’23, Nor- 



throp and Kiinitz 3 25). In this- . type.- of apparatus, cells can . 
be observed to migrate in a closed chamber bounded by parallel 
walls. The cataphoretie velocity is measured at a point hallway 
between the bottom and top of the chamber, and also at a point 
one-sixth of the distance between bottom and top, or these 
values can he obtained from a curve in which the cataphoretie 
velocity is plotted against various arbitrary distances from top 
or bottom (see Ereundlich and Abramson ’27). The true cata- 
phoretic velocity can then be calculated from the formula of von 
Smolucjhowski : 
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in which w is the true cataphoretie velocity, wi the cataphoretie 
velocity in the center of the chamber, and wl the cataphoretie 
velocity at a point one-sixth of the distance between bottom 
and top. 

In studying the electric properties of protoplasm, it is advan- 
tageous to have electrodes which can be introduced directly into 
the cell. The problem of constructing non-polarizable electrodes 
which could serve this purpose was not a simple one. It has 
however been successfully met by Ettisch and Peterfi '*25, 
and by various other workers (Taylor 5 25, Gelfan j 26, Buyten- 
duk and Woerdeman J 27). The technical details of all these 
types of microelectrodes can not be considered here. Their con- 
struction involves no new theoretical development, and they 
represent modifications of various standard electrodes in which 
a long and very fine capillary pipette is attached to the main 
body of the electrode. The pipette is of the type used in micro- 
dissection, and generally has a diameter of only 1 — 2 microns. 
In the Ettisch - Peterfi, Taylor and Gelfan instruments, 
it is filled with agar. Because of their small bore, the microelec- 
trodes have a very great electrical resistance. They are attached 
to an ordinary microdissection apparatus, and are moved about 
in the same way that microdissection needles are. 
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THE ABSOLUTE VISCOSITY OF PROTOPLASM 


Microscopical study has shown that protoplasm is typically 
a concentrated suspension of visible granules. Are these granules 
suspended in a relatively viscous medium or in a fluid medium ? 
Some authors would have us believe that the intergranular ma- 
terial of protoplasm is normally a gel of high viscosity. Others 
hold that protoplasm is relatively fluid and that the intergranular 
material must necessarily be fluid. 

As a matter of fact, this difference in opinion is by no means 
a new development. For many years biologists have argued 
as to whether the living substance is fluid or solid. The question 
is in part a question of definition. We can define a fluid as without 
form, or amorphous, flowing readily, and so adapting itself to 
the shape of the vessel which contains it. If we have a gelatin 
jelly in a test tube and invert it, the gelatin does not flow out 
when the tube is inverted. It is a gel. Rut if we now subject 
the gelatin to heat, it flows out of the tube readily. It has become 
a fluid sol. For the colloid chemist,. this is the usual conception 
of sol or gel. Actually the distinction we have made is rather 
an artificial one. With a certain size of test tube, and under the 
influence of a certain force, i. e. gravity, the gel does not flow. 
But if we apply a greater force, it does flow. Our distinction 
breaks down. Theoretically it is better to follow Maxwell and 
to define the fluid state as a state in which flow occurs even when 
the force exerted upon the substance is infinitely small. For a 
true fluid, the rate of flow is proportional to the shearing force, 
that is to say the force tending to produce distortion or movement. 
When the rate of flow is not proportional to the shearing force, 
a substance is elastic and can no longer be considered as a true 
fluid. For some authors it is an elastic fluid, others prefer to call 
it a plastic solid. 
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For the present, ■ such absolute distinctions between solid 
and fluid states need not concern us. In the next chapter, we will 
consider the question of elasticity. The problem, to be discussed 
at this point is whether or not protoplasm is highly viscous. Is 
it sol or gel in the ordinary sense in which these terms are used % 
Actually the problem is a twofold one. Inasmuch as protoplasm 
is a suspension, we can consider either the viscosity of the suspen- 
sion as a whole, or the viscosity of the dispersion medium, that 
is to say the intergranular material. A watery suspension can 
be so concentrated that its viscosity may reach a value many 
times that of water. As the concentration is increased, the vis- 
cosity may eventually become infinite. It is possible to determine 
both the viscosity of the entire protoplasm and the viscosity 
of the intergranular material. 

The earliest measurements of absolute protoplasmic vis- 
cosity were made by the German botanist Heilbbohn in 1914. 
In the starch sheath cells of Vicia faba , a leguminous plant, 
the starch grains can be observed to fall under the influence 
of gravity. By measuring the speed with which the grains fall, 
and comparing it with the speed of fall in water, Heilbronn 
was able to determine the absolute viscosity of the protoplasm 
of these cells, on the assumption that the speed of fall was in- 
versely proportional to the viscosity in the two cases. This as- 
sumption is on the whole justifiable, but it is not strictly true. 

The law governing the speed of movement of a spherical 
particle through a fluid was first stated by Stokes in 1850. Ac- 
cording to this law, 

2g{a— g) a 2 
T ' == “ 

in which V is the velocity, g the gravity constant, a the radius, 
a the specific gravity of the particle, g that of the medium, and 
the viscosity. From this formula it is obvious that if g, a } q, 
and a remain constant, then the viscosity is inversely proportional 
to the velocity of the particle or directly proportional to the 
time of fall if the particle is moving under the influence of gravity. 
It can safely be assumed that when one measures the speed of 
drop of starch grains inside a cell and outside, that the diameter 
of the starch grain will not change appreciably. Its specific 
gravity will also presumably remain constant, and of course g 
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will not change. But it must be remembered that the specific 
gravity of the protoplasm is different from that of water. It is 
somewhat greater. In a liquid of greater specific gravity, the 
starch grains would tend to drop more slowly. The specific 
gravity of the protoplasm of the Vida faba cells is not known. 
Other types of protoplasm have a specific gravity of about 1.05 
to 1.10. If one estimates the absolute viscosity of protoplasm 
by comparing the speed of drop of starch grains in water and 
in the cell, one should perhaps make allowance for the difference 
in specific gravity of the two fluids. However if one assumes 
that the specific gravity of protoplasm is no greater than that 
of water, the error is not large. Probably the error in Heil- 
bronn's measurements from this factor is roughly about 10 
percent. That is to say, his values are 10 percent too high. Such 
an error could certainly be disregarded, except for the fact that 
there are other corrections which must also be made to Heil- 
bronn’s values. 

In order to understand these corrections, we must discuss 
the applicability of Stokes' law. And in view of the fact that 
later in the chapter it will be necessary to refer to Stokes 5 law' 
again, the discussion will be made fairly complete. 

The theoretical derivation of Stokes 5 law involves a number 
of assumptions. Arnold* lists five of them as follows: 

1. That the discontinuities of the fluid are small compared 
with the size of the sphere. 

2. That the fluid is infinite in extent. 

3. That the sphere is smooth and rigid. 

4. That there is no slip at the surface between sphere and 
fluid. 

5. That the velocity of the sphere is small. 

To these might be added: 

6. That the particle is truly spherical. 

7. That the particle is a single particle and not one of many. 

8. That electrical forces may be disregarded. 

The first assumption is chiefly important for very tiny 
spheres falling through gases. For liquids it may generally be 
disregarded. The second assumption was investigated theoreti- 
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eally and experimentally by Ladenbukg *, who introduced the 
following form of Stokes’ law for the case of a sphere falling 
through a fluid contained in a cylinder: 

y _ 2 g (a— o) a ~ 

9 ( I + 2 ' 4 s)( 1+3 ' 1 ^)’' 

In this formula, R is the radius of the containing cylinder, L is 
its length, the other symbols are as before. If we are to apply 
Ladenburg’s correction to the cells of Vicia faba, we must know 
the diameter of the starch grains and the length and width of 
the starch, sheath cells, or rather the length and width of the 
layer of protoplasm through which the starch grains fall. Cer- 
tainly within a cell the speed of fall of a starch grain would be 
decidedly less than outside of a cell. If Ladenbtjrg’s correction 
is neglected, the values obtained for the absolute viscosity are 
too high, and perhaps as much as 20 or 30 percent too high, or 
even more. 

The third and fourth assumptions are probably not very 
important in the application of Stokes’ law to protoplasm. 
Most protoplasmic inclusions are smooth in so far as they can 
be seen by microscopic observation, and in general they appear 
to be rigid. We are also safe in assuming that the slip between 
a particle enclosed in protoplasm and the protoplasm itself is 
zero or approximately zero. Since the time of Poisexjille, it 
has generally been supposed that when a substance is wetted 
by water, its coefficient of slip in relation to water is zero. Evidence 
for this view is given by Whetham**, who found that there was 
no measurable slip when water flowed over various metals, or 
even over a film of oil. 

In the derivation of Stokes’ law, it is assumed that the 
velocity of the moving sphere or particle is so small that higher 
powers of the velocity may be neglected. Eor small particles 
falling under the influence of gravity, this is certainly true. 

In the derivation of Stokes’ law, it is assumed that the 
moving body is spherical. Most of the particles found in protoplasm 
are spherical. Starch grains are often not perfect spheres, but they 

* Ladeniujrg 1907, Ann. d. Physik, ser. 4, vol. 23, p. 447. 

** Whetham 1890, Proe. Koy. Soc., vol. 48, p.225. 
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are nearly enough spherical so that Stokes 5 law probably applies 
to them. Moreover, in a comparison of the fall rate of the same 
particles in different fluids, any factor due to the non-sphericai 
shape would probably cancel out. 

Stokes’ law was derived for the movement of a single-sphere 
through a fluid and not for the movement of many. When many 
spheres move together, the fluid between them must of course 
move in the opposite direction. The presence of many spheres 
interferes with such a return flow. The nearer the spheres are 
to each other, the greater the resistance to this return flow, and 
the more slowly do the spheres move under the application of 
a given force. Thus, to return to the case under consideration, 
in a liquid of given viscosity many starch grains falling together 
would fall much less rapidly than a single starch grain falling 
alone. Cunningham* has attempted to calculate a correction 
for StOKES’ law which would apply to the case of many particles 
moving through a fluid. According to Cunningham, 

i 2g(o-Q)a* 


in which 


9 q?] 

4 h (b 5 -a») 


% (5 — a) 2 (4 6 4 — b 3 a — 6 6 2 a 2 — bu 3 — 4 a 4 ) * 

In this expression, a is again the radius of the particle, b is half 
the distance between the centers of two adjacent particles. .But. 
in making the computation, Cunningham prefers to substitute 

for b, a quantity b' which is equal to bl^/^~. The correction 

of Cunningham is admittedly only a rough approximation to 
the truth. One can be certain, however, that when many particles 
fall through a fluid, the speed of drop of any one particle is greatly 
retarded. Cunningham gives the following calculated values 
of q for various values of b and b' : 
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* Cunningham 1910, Proc. Roy. Soc., ser. A, vol. 83, p, 357. 
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Finally it should be pointed out that Stokes* law does not 
consider a possible electric charge on the moving sphere. Practi- 
cally all small particles suspended in water do have an electric 
charge, and such a charge would tend to retard their movement. 
But the effect of an electric charge on the speed of movement 
only becomes important when the particles are of submicron 
or amieron size, that is to say, when they are so small as to be 
invisible with the highest powers of the microscope*. 

Let us now return to the case of the Vida cells studied by 
Heilbronn. It will be remembered that he determined the 
time it took starch grains within the cell to drop a certain distance, 
and then compared it with the time of drop of similar grains 
outside the cell. The ratio between the two times was taken 
as the viscosity of the protoplasm of the cell. From the discussion 
of Stokes’ law, it is obvious that starch grains within a living 
cell would tend to drop more slowly, not only because of the 
greater viscosity of the protoplasm, but also because of three 
other factors. These three factors are, first the fact that proto- 
plasm has a greater specific gravity than water, second the pre- 
sence of cell walls which would tend to retard the fall of the 
starch grains, and third the fact that the starch grains within 
the cell are numerous and in fairly close proximity to each other. 
The first of these factors is relatively unimportant, the second 
might make a difference of twenty or thirty percent at most, 
whereas the third factor might produce a very great effect. All 
of them would tend to make the viscosity values of Heilbronn 
for Vicia cells too high. In addition we should perhaps also con- 
sider the fact that Heilbronn studied cells in thin sections. 
Under these conditions there is an injury effect which may pro- 
duce viscosity increase (see Chap. 8). 

What Heilbronn actually found was that the time of fall 
of the starch grains within the cell was in some cases only 8 times 
.as great as the time of fall outside the cell. In other cells the 
ratio was somewhat greater, and he occasionally found cells in 
which the starch grains did not fall at all, and in which lie assumed 
the viscosity to be infinity. These cells with infinite viscosity 
were apparently in a pathological state, and were probably dead. 


* See von Smoluchowski, 1918, Kolloid-Zeitschr., vol 18, p. 190, 
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The interesting thing about Heilbronn’s measurements 
is that he showed for the first time that protoplasm in some cases 
at least -was not the extremely viscous material that many authors 
had supposed. Books on cytology often speak of protoplasm 
as a very viscous fluid and the student of elementary biology is 
always impressed with the high viscosity of the living substance. 
The early writers on protoplasm often referred to it as a slime, 
that is to say a fluid of very high viscosity. Of course, after all, 
to say that a fluid is very viscous means but little, it may be very 
viscous in comparison with ether, and at the same time very 
fluid in comparison with a heavy oil. For purposes of orien- 
tation, one may consult the following table of viscosity values, 
compiled for the most part from the physical tables of Landolt- 
Bornstein. 

Viscosity of various fluids at 20° 0. in absolute units 

Acetaldehyde . 0.002 

Chloroform 0.0057 

Benzol 0.0065 

Water 0.010 

Sulphuric acid . 0.23 

Olive oil 0.99 

Castor oil . .10.20 

Glycerin 10.69 

Pitch 1503 X 10° 

3% egg albumin. . . 0.012 

Blood 0.031—0.055 


Heilbronn’s measurements shewed that the viscosity of 
protoplasm might he very much less than the viscosity of glycerin 
or olive oil, that- it might even be less than that of sulphuric acid. 
At the time of Heilbboot’s experiments this was rather an 
unusual idea, although Ewart ’03 had concluded from obser- 
vations on the effect of gravity on rate of streaming that the 
viscosity of the protoplasm must be low. Ewart believed that 
the viscosity of streaming protoplasm must lie between the li- 
mits 0,04 and 0,20, that is to say he thought it could not be less 
than four or more than twenty times as viscous as water. In the 
starch sheath cells of Vida faba. the viscosity of the protoplasm 
is certainly less than eight times that of water, and it is probably 
not more than four times that of water. It should be pointed out 
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that Heilbronx’s values were for the entire protoplasm rather 
than for the intergranular material. 

Heilbronn’s first measurements of protoplasmic viscosity 
were made in 1914. In 1920, Seifriz published some estimates 
of the viscosity of various types of protoplasm, based on his 
impressions with the microdissection needle. Seifriz’s values 
are given in terms of the scale already mentioned in Chapter IV 
(see p. 42). The obvious discrepancies of this scale have already 
been discussed, and no great amount of significance can be at- 
tached to these values. Seifriz believes the endosarc of a flowing 
ameba to have a “ viscosity value” of 4, that of a quiescent ameba 
a 4 "viscosity value” of 5 — 6. He regards active myxomycete 
protoplasm as “liquid”, that is to say with a “ viscosity value” 
of 3, whereas just before fruiting, he believes it to be as viscous 
as breaddough or vaseline. This does not agree at all with the 
later measurements of Heilbronh on various species of myxo- 
mycetes, for Heilbronn found the protoplasm just before fruit- 
ing to have a viscosity only 9 to 18.5 times that of water, de- 
pending on the species (see below). 

In estimating the viscosity of marine ova, Seifriz is impressed 
with an earlier observation of Chambers 5 17, whom he quotes 
as follows: “The internal cytoplasm of a marine egg is a viscous 
fluid. The viscosity is high enough to prevent any Brownian 
movement of the inclosed granules”. Seifriz then cites an old 
observation of Exner (made in 1867) to the effect that the 
Brownian movement of particles is stopped when the viscosity 
of the dispersion medium reaches a value as great as that of 
ordinary laboratory glycerin. Seifriz concludes that “protoplasm 
in which no Brownian movement is present must possess a con- 
sistency of about this value”. Accordingly he ascribes to Echino- 
derm ova a ""viscosity value” between 6 and 7. As a matter of 
fact this train of argument is not very conclusive. Many authors 
have described Brownian movement in marine eggs. A very 
good description is given by Lillie ’06. Chambers himself in 
later work (’24) mentions Brownian movement in the sea-urchin 
egg. As a matter of fact, in the egg of Arbacia the movement is 
not very vigorous, and for a very obvious reason. In a recent 
paper (Heilbrtjkn ’26 c) it was shown that the average distance 
between adjacent granules of the Arbacia egg was approximately 
equal to the radius of the granules, that is to say about 0.16 //.. 
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On the average therefore a granule in Brownian movement in this 
egg can not travel farther than 0.16 ji, and this distance is so small 
that it is almost at the limit of microscopic visibility. Under the 
usual conditions, therefore, Brownian movement in the Arbacia 
egg is not very easy to see. But one has only to centrifuge the 
eggs, and then the Brownian movement of the granules at the edge 
of the granule-free area is very easy to observe and quite rapid. 
Indeed it has been possible to estimate the speed of this move- 
ment, as will be shown later. In view of the fact that Brownian 
movement does occur in sea-urchin eggs and in other marine eggs, 
there is no justification for Seieriz’s opinion that the viscosity 
of the protoplasm of these eggs must equal that of glycerin. 

Heilbronn j 22 used the magnetic method in order to measure 
the absolute viscosity of slime mold protoplasm. His results 
are very interesting and will be considered in detail. The follow- 
ing table gives a summary of Heilbronn J s measurements. 

Absolute viscosity of slime mold protoplasm, 


according to Heilbronn ’22 

Reticularia lycoperdon , aethalia 0.165 — 0.185 

Ly cogala epidendron , aethalia 0.15 

Badhamia utricularis piasmodia before fruiting 0.095 — 0.105 

Ph ysari am cinereum, piasmodia before fruiting ...... 0.090 — 0.115 

Trichia falldx, .piasmodia before fruiting . . . . . . . . . 0.110 — 0.160 
Dididymium serpttla, race I, piasmodia before fruiting . . . 0.090 — 0.095 
Dididymium serpula , race II, piasmodia before fruiting . . 0.115—0.120 


The above values were obtained with slime molds on glass, 
surrounded by a ring of moist cardboard. If the slime molds 
were placed on moist filter paper and w^ere also surrounded by 
a ring of moist cardboard, the viscosity decreased until it was 
about two-thirds of that shown in the table. 

In making viscosity tests, Heilbronn determined the number 
of amperes which had to be passed through an electromagnet 
in order to twist a small iron rod through the protoplasm. The 
rod was 220 microns long, and 50 microns in diameter. The 
number of amperes necessary to twist the rod in protoplasm 
was divided by the number of amperes necessary to twist it in 
a drop of water, and this was taken as the absolute viscosity. 

Heilbronn was very careful to test the accuracy of his 
method for measurements of absolute viscosity. He found that 
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the viscosity in small drops was always greater' than that in large 
drops. In Physarid and BadJmma, the amount of protoplasm 
is small, and for this reason the viscosity values obtained for 
these forms is relatively high. As Heilbronn points out ; the ease 
with which the iron rod is twisted is not only a function of the 
viscosity of the fluid which surrounds it, but also a function of 
the surface or adhesive forces which tend to keep the rod in con- 
tact with the glass or other substratum on which it rests. The 
higher the viscosity the smaller the part played by these surface 
or adhesive forces. Hence when Heilbroxr studied the twisting 
of iron rods in viscous liquids of known viscosity, the values 
obtained for these liquids by the magnetic method were found 
to be too low. On the other hand, for liquids less viscous than 
water, too high values were obtained. Thus for a concentrated 
solution of glycerin, Heilbronn obtained a value 25 % too low, 
and for ether a value 300% too high. 

From these considerations, in view of the fact that proto- 
plasm is more viscous than water, we would tend to conclude 
that Heilbrojost J s values for slime mold protoplasm were somewhat 
too low. But there is really another factor to be considered. 
An iron rod in protoplasm presumably rests on a differentiated 
film of protoplasm winch lies between the main mass of the 
living substance and the glass of the slide. Protoplasm in general 
and slime molds in particular, form films at their boundaries 
(see chap. 13). These films are very likely to have more adhesive 
properties than glass. If this were the case, an iron rod resting 
on such a film would tend to have its movement seriously retarded, 
and too high values for viscosity would be obtained. Perhaps 
these two sources of error neutralize each other. But they may 
very possibly be of a different order of magnitude. With his 
electrical method, Heilbronn found that the viscosity value 
obtained for a concentrated solution of glycerin was 25% too 
low. Perhaps in the case of protoplasm there is a similar error 
of about 25%, although this seems more or less hypothetical. 
It seems quite possible that the presence of a protoplasmic film 
beneath the iron rod might cause an error of 100 % or more. 

Obviously we are more or less in the dark. Heilbronn’s 
values with the magnetic method are not very accurate. However, 
they represent results of a greater degree of precision (or a lesser 
degree of uncertainty), than any previously obtained. From 
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Heilbronn’s observations, it seems safe to conclude that the 
viscosity of the protoplasm of slime molds before fruiting is not 
over 15 to 25 times that of water, and it may be and probably 
is much less than that. These values are only for the endoplasm. 
For the ectoplasm, Heilbronh found great variation. In some 
instances the viscosity of the ectoplasm approached infinity. 
Such variable values are to be expected if the ectoplasm is a gel, 
for the viscosity of a gel varies with the amount of the shearing 
force exerted upon it. With relatively low shearing force, the 
viscosity of a gel is infinity. It has already been pointed out 
that cells are typically surrounded by membranes, and these 
membranes are certainly gels. Perhaps in slime molds the ecto- 
plasm corresponds to the membranes of ordinary cells. 

In Heilbronn’s experiments with the magnetic method, 
he determined viscosity either by measuring the magnetic force 
necessary to turn an iron rod, or in some preliminary tests by 
measuring the magnetic force necessary to cause a barely per- 
ceptible movement of a small iron sphere. In 1924, Seieriz made 
one or two tests of absolute protoplasmic viscosity with the mag- 
netic method. With the aid of a micropipette, he introduced 
nickel balls into the eggs of the sand dollar Echinarachnius and 
then observed the speed with which they were drawn toward 
an electromagnet. Apparently he made but few observations, 
and he states only that the speed of movement of a nickel ball 
in an Echinarachnius egg is of about the same order of magnitude 
as the speed of movement of the nickel ball in glycerin. Seieriz 
does not give a very complete description of his experiment, 
and it is hard to see how he could be certain that the nickel ball 
when in. the glycerin was at exactly the same distance from 
the magnet as it was when in the egg. There are also a number 
of other objections that could be made to Seieriz J s experiment. 
But it is hardly wnrth while to consider all of them, for there 
is one source of error which in itself would make it impossible 
to draw any conclusions from Seieriz' s observations. In recent 
years it has become clearly recognized that the entrance of a 
needle or other object into a cell is frequently accompanied by 
injury. Thus Peterei '27 describes various injury phenomena 
which follow the introduction of a fine needle into blood cells. 
Chambers and Pollack '27 describe injuries and so-called 
cytolytic changes as the result of the presence of a micropipette 



iii starfish eggs. These workers used needles or pipettes only a 1 

micron or two in diameter. The nickel ball used by Seifriz mea- 
sured 16 microns in diameter, and the pipette which introduced jjj 

it into the egg must have been appreciably larger than this. ;j 

Certainly it is fair to assume that the introduction of such a large 
foreign object would cause marked injury in any cell, and such 
injury might alter the viscosity in any conceivable way. By . 

coagulating the protoplasm it might very well raise the viscosity j 

to infinity. It would have been a simple matter for Seifriz to ] 

test the extent of the injury provoked by his micropipette. It j 

would only have been necessary for him to fertilize the eggs 
he had operated on, and to observe then whether or not they - j 

developed normally. There is no record of such tests in his paper. j 

The centrifuge method has recently been used, to determine J 

the absolute viscosity of the protoplasm of marine eggs. A de- j 

scription of this method has already been given, but so far little 
has been said regarding the physical principles on which it is j 

based. We have seen that the movement of a granule through 
a fluid obeys Stokes’ law. When the force acting on the granule 
is centrifugal force rather than gravity, the law takes the following j 

form: ■ .■ A ■ ;i 

T7 2 ' 

9 rj ? i id Ail 

in which as before V is the speed of movement of the granule, 
g the gravity constant, a the specific gravity of the granule, 

Q the specific gravity of the fluid through which the granule 
travels, a the radius of the granule, and 7] the viscosity. In addi- 
tion, c is the centrifugal force in terms of gravity. 

In the above formula, g is of course known, a, the radius j 

of the granule can be determined by direct measurement, the 
centrifugal force, c, can be calculated if the number of turns j 

per second and the radius of turn of the centrifuge are known. i 

As shown in the last chapter, V can be determined from a series 
of centrifuge tests. There remain then only a and q. If it were 
possible to know a, the specific gravity of the granule, and p, 
the specific gravity of the intergranular fluid, we would be able j 

to use Stokes’ law for the determination of the absolute vis- 
cosity of protoplasm by the centrifuge method. As a matter | 

of fact, it is possible to determine the specific gravity of the gra- 
nules of cells, and from this value it is then possible to calculate j 
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the specific gravity of the intergranular fluid. We are thus in 
a position to use the centrifuge method for the measurement 
of absolute viscosity. 

It must be remembered that the derivation of Stores’ law 
involves a number of assumptions. Eight of these assumptions 
have already been listed and more or less adequately discussed 
in relation to Heilbronn’s viscosity determinations on the proto- 
plasm of starch sheath cells (see pages 56—59). In general the 
principles involved in the centrifuge method are much the same as 
those involved in the gravity method. The previous discussion 
of the applicability of Stokes’ law is therefore in the main suffi- 
cient, and only a few additional remarks are necessary at this 
point. Assumption 2, that the fluid through which the granule 
travels is infinite in extent, has more importance for starch 
sheath cells in which the starch grains move, than for cells in 
which one follows the movement of granules. In sea-urchin eggs 
(Arbacia), the diameter of the smaller granules is only a two- 
hundredth of the diameter of the cell. Ladenburg’s correction 
may therefore be neglected in this case, for it only becomes ap- 
preciable when the moving particle is much larger in comparison 
with the size of the containing vessel. The fifth assumption, 
that the velocity of the moving sphere is small, might be thought 
not to hold for centrifuge experiments. However, the highest 
speed that has ever been noted for the movement of granules 
through a cell under the influence of centrifugal force is less than 
2 x 10 — ® cm, per second. Such a speed is certainly small enough 
so that its higher powers may be neglected, and this is the con- 
dition required for the validity of Stokes’ law. Moreover, in the 
cell in question (the Cumingia egg), centrifuge tests with a relatively 
small amount of centrifugal force give the same viscosity values 
as when the granules move at top speed with higher centrifugal force. 

Finally attention should be directed again to assumption 7, 
that there is only one sphere or granule moving through the 
fluid. In living cells there are vast numbers of granules, and 
all of them move when the cells are centrifuged. Fortunately 
we can apply the correction factor of Cunningham. In order 
to use this correction, we need merely know the radius of the 
granules, and the distance between them. However, Cunning- 
ham’s factor considers only the case in which granules of the 
same size are moving in the same direction. Many cells contain 
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granules of differing size, or they contain granules which move 
in opposite directions on the application of centrifugal force* 
Granules of different sizes would move at different rates of speed, 
they would thus tend to collide. Collisions would also oec in- 
between granules moving in opposite directions. The effect of 
all these collisions would be to decrease the speed of the moving 
granules, and this would make the values for the viscosity obtained 
by the centrifuge method higher than they really should be. 
Because of the varying conditions found in different cells, it would 
probably be best to consider the effect of collisions for each type 
of protoplasm separately. In those cases in which practically 
all of the granules are of one size and move in the same direction, 
the collision factor may be neglected. 

We are now in a position to consider the actual measure- 
ments. In the Arbacia egg the viscosity was determined both 
from the speed of the small heavy granules and from the speed 
of the larger pigment granules which are also heavier than the 
rest of the protoplasm. Let us consider first the case of the smaller 
granules. Inasmuch, as these granules are very much more abun- 
dant than the other granules in the egg, we may neglect the 
influence of collisions, especially in view of the fact that colli- 
sions with the larger granules w r ould tend to increase the speed 
of movement, whereas collisions with the fat or lipoid granules 
would tend to decrease it. 

In order to apply Stokes' law, we must find values for V, 
«, a, q and q. The determination of the velocity, F, is a relatively 
simple matter. In a series of tests, one finds the number of se- 
conds just sufficient to move the small heavy granules into one 
half of the egg. When nearly all of the granules are in one half 
of the egg, we can assume that the granules originally at the 
pole farthest distant from this half are now at the equator. The 
distance traveled is thus half the diameter of the egg, and when 
this is divided by the time in seconds required for the movement, 
we obtain V. As a matter of fact, the distance travelled is slightly 
greater than the radius of the egg, for during centrifugal treatment 
the egg becomes somewhat elongated. If this elongation is taken 
into account, the speed of the granules is found to be 0.00011 cm. 
per second, when the centrifugal force is 4968 times gravity. 

The radius of the granules, a, is obtained by direct measure- 
ment with a movable scale ocular. For very small granules 
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such measurement is certainly inaccurate, and the inaccuracy 
is especially important in view of the fact that the value for a 
is squared in the formula. The radius of the small heavy granules 
in the Arbacia egg was found to he 0.16//, or 0.000016 cm. 

In order to determine the specific gravity of the granules, 
the eggs were broken up by shaking them with splintered glass, 
and the resultant mass was then centrifuged in various concen- 
trations of sugar solution. In concentrated solutions of sugar 
the granules move to the inner part of the centrifuge tube, in 
dilute solutions they go to the bottom, that is to say to the outer 
part of the tube. Those solutions of sugar in which the granules 
move neither the one way or the other, have the same specific 
gravity as the granules. Inasmuch as the specific gravity of 
various concentrations of sugar solution is known, it is possible 
to determine the specific gravity of the granules. But this deter- 
mination rests on the assumption that the granules do not change 
their specific gravity after emerging from the egg. In all the 
end determinations, the specific gravity of the granules was tested 
as rapidly as possible after their removal from the egg. Howevei, 
if the granules were allowed to remain out of the egg for a time, 
the specific gravity did not change from the value obtained 
immediately after removal. This is evidence that the specific 
gravity of the granules outside of the egg is not markedly different 
from their specific gravity within the egg. But it is far from con- 
clusive evidence, for it is quite possible that as the granules emerge 
there is a very rapid change in their specific gravity. Here then 
is a source of error b and apparently we have no means of knowing 
how great an error may be involved. But fortunately there is 
a method of calculating the maximum value which the specific, 
gravity of the granules may have, so that we can at least limit 
the extent of the possible error in one direction. As we shall 
see later, there is no need of limiting it in the other direction. 
For the present, we will be content with the value obtained in 
the manner already outlined. 

• It is possible to determine the specific gravity of entire eggs 
in the same way that the specific gravity of the granules was 
determined, that is to say by centrifuging them in various strengths 
of sugar solution. Knowing the specific gravity both of the eggs 
and of the granules, it is possible to calculate o } the specific gra- 
vity of the intergranular fluid, provided that one knows the 
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relative volume of the granules as compared to the volume of 
the entire egg. The relative volume of the granules of the granules 
can be computed from the fact "that after the most vigorous 
centrifugal treatment the granules occupy, a spherical segment, 
the altitude of which is about a third of the diameter of the egg. 
From simple geometrical considerations, it can then be shown 
that the granules occupy 3 / 1G ths of the total egg volume. Know- 
ing this fraction, it is easy to derive a simple equation for q 
in terms of a, the specific gravity of the granules, and s, the spe- 
cific gravity of the entire eggs : 

16 s — Z <7 

Q ~ 

By calculating p, it is possible to arrive at a value for a — o< 
For further details, see Heilbrunk ’26c. 

It only remains to find q , the Citknirgham correction for 
Stokes’ law. This correction, as shown previously, involves both 
the radius of the granules and the distance between the centers 
of adjacent granules. The radius is known, the distance between 
the centers of adjacent granules can either be measured, or it 
can be computed from the proportion of the total volume of the 
egg that the granules occupy. Such computation is certainly 
more accurate than direct observation could he. The distance 
between adjacent granules is calculated in the following fashion. 
We assume that the granules are surrounded by spheres, so that 
the entire volume of the egg is filled. Then if the radius of the 
granules is a , and the radius of the spheres is 6, and the total 
number of granules or spheres n, the volume of the egg is n X 
4 / 3 ?ra 3 x 16 / 3 , since we have already shown that the volume 
of the granules is 3 / ie ths of that of the entire egg. The volume 
of the egg is also equal to n X 4 / 3 2 t 6 3 X 4 / 3 . (The volume of the 
spheres must be multiplied by 4 / s , since spheres when closely 
packed occupy only 74.05 % of a given volume.) Equating the 
two equations for the volume of the egg, and solving for b } we 
find b — a|/4. Knowing a and 6, we can calculate q from the 
equation given on p. 58. 

We now have all the terms necessary. Substituting them 
into the modified form of Stokes’ law, the viscosity is found to 
be 0.0183. This is 1.8 times the viscosity of water. 

The viscosity of the Arbacia egg protoplasm may also be 
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calculated from the speed of movement of the large pigment 
granules. These granules have a radius of 0.46 microns or 

0.000046 cms. With a centrifugal force 4968 times gravity, 
their speed is about 0.00024 cms. per second. Ordinarily the 
pigment granules break down when they emerge from the egg, 
and the measurement of their specific gravity would involve 
difficulties. The pigment granules do not break down in the 
absence of calcium (see chap. 13), and perhaps by smashing 
the eggs in calcium-free sea-water, a value for the specific gravity 
of the pigment granules might be obtained. This was not done, 
and in the absence of a measured value, we may assume that 
the pigment granules have the same specific gravity as the co- 
lorless granules, q and q are thus the same for the pigment granules 
as for the colorless granules. Substituting into the modified form 
of Stokes’ law, we now obtain a value of 0.069 for the viscosity. 
This value is too high, because the effect of collisions has been 
neglected. The large pigment granules as they move through 
the egg are continually colliding with the smaller granules which 
move at a much slower rate. The retarding effect of these col- 
lisions can be calculated, for details see Heilbrukn ’26 c. When 
correction is made for the effect of collisions, the value for the 
viscosity, as determined from the speed of the pigment granules, 
is 0.025, or 2.5 times that of water. This value agrees fairly well 
with the one previously found from the speed of movement of 
the small granules. We therefore conclude that the viscosity of 
the intergranular material of the Arbacia egg is approximately 
two times that of water. 

There are a number of possible errors involved in the measure- 
ment of the viscosity of Arbacia protoplasm. The most important 
of these are: 

1. The error due to the inexact determination of the size 
of the small granules. 

2. The possible error involved in a change of specific gravity 
of the granules which may occur as they emerge from the egg. 

3. The error involved in the calculation of q. 

4. The possible error due to an influence of the moving 
granules on the viscosity. 

The last of these sources of error really does not exist. It 
is true that in many gels, pressure or mechanical force can pro- 
duce a lowering of the viscosity. But in the Arbacia egg no such 
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effect is present, for when measurements of viscosity are made 
with widely different amounts of centrifugal force, the same 
values are obtained. If the movement of the granules through 
the protoplasm produced a lowering of the viscosity, then the 
greater the centrifugal force and the greater the speed of the 
granules, the lower the viscosity would be. 

The first source of error, that due to the inexactitude with 
which, the size of the granules is measured, may be considerable. 
The pigment granules of the Arbacia egg are large enough so that 
their diameter may be determined with some degree of accuracy. 
But the colorless granules are too small for accurate measurement. 
One way of estimating the size of the colorless granules is to 
compare them with the pigment granules. Their diameter appears 
to be about one -third as great, and this estimate of their size 
agrees very well with the value obtained by direct measurement 
with a movable scale ocular. If instead of being a third, the dia- 
meter of the small granules were as much as a half of the diameter 
of the pigment granules, then the viscosity value given above 
would be only one-half as great as it should be. However it does 
not seem possible that the diameter of the small granules could 
possibly be as great as one-half that of the pigment granules, so 
that this is the maximum error possible. 

The second possible error appears in the determination of 
the specific gravity of the granules. Perhaps they undergo a 
change in specific gravity as they emerge from the egg. If the 
specific gravity of the granules decreased on emergence, then 
the value obtained for the viscosity would be too low. It is hardly 
necessary to consider the opposite possibility, that the granules 
undergo an increase in specific gravity, for no one could assume 
that the value obtained for the viscosity is much too high. It 
is too close to the viscosity of water. In computing the viscosity, 
the value taken for a — q, the difference in specific gravity between 
the granule and the intergranular fluid, was taken as 0.716. Now 
it can be shown by a simple calculation that this can not be far 
from the true value. We know the specific gravity of the entire 
egg, it is approximately 1.05. We know further that the colorless 
heavy granules occupy about 3 / 16 ths of the total volume of the 
egg. If then we knew the specific gravity of the intergranular 
fluid, we could calculate the specific gravity of the colorless 
heavy granules. The specific gravity of the intergranular fluid 
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can not vary within very wide limits. It must be greater than 
the specific gravity of sea-water, for it contains at least as much 
salt as sea-water and probably more (compare p, 25), and in 
addition it contains dissolved proteins. Now if we assume that 
the specific gravity of the intergranular fluid is equal to that 
of sea- water, that is to say 1.03, then the specific gravity of the 
granules is found by simple algebra to be 1.14, and a • — • q is 1.1. 
This is certainly a maximum value, and yet it is not very much 
greater than the value 0.716 used in computing the viscosity. 
If we were to assume that the specific gravity of the intergranular 
fluid were only slightly greater than that of sea-water, then 
decidedly lower values of or — q would be found by computation. 
Thus if the specific gravity of the intergranular fluid were taken 
as 1.04, then a — o would be only 0.5. In these calculations we 
have neglected the pigment granules and the fatty granules. This 
involves no serious error, for their total volume is very small 
compared to the volume of the colorless heavy granules. Our 
calculations show beyond any question that the value used for 
o’ — ■ q is not far from the correct one. The second of the possible 
errors is therefore not great. 

Finally there is the error involved in the calculation of q. 
Cunningham’s mathematical treatment involves a number of 
assumptions, and his formula for q is not exact. How great an 
error may be involved, it is at present impossible to say. 

The question of the possible errors involved in the deter- 
mination of the absolute viscosity of the protoplasm of the sea- 
urchin egg has been taken up in some* detail. This has been done 
in part because it has seemed impossible to some commentators 
that any protoplasm could be so fluid. One reviewer has indeed 
pointed out the contradiction between the value obtained by the 
centrifuge and that arrived at by Seifbiz. It will be remembered 
that Seifbiz was of the opinion that the viscosity of the sea- 
urchin egg protoplasm was like that of glycerin and he thinks 
of it as being about 800 times that of water. The value obtained 
by the centrifuge method is of a totally different order of magni- 
tude, even if we a low for every possible source of error and go 
so far as to neglect the Cunningham correction completely. 
Because of the sharp contrast between the values of Heilbbunn 
and Seifbiz, it is of interest to consider the determination of the 
viscosity of Arbacia protoplasm by another method. 
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When one centrifuges Arbmki eggs, the heavy granules pass 
into- one hemisphere of the egg. They do not remain in this po- 
sition indefinitely, and after a time they again become scattered 
through the entire egg. The -..return of the granules is due to 
Brownian movement. According to . Einstein, the distance 
travelled by a granule in Brownian movement in the time t is 
given by the following formula: 

rp f 

D\ = 12.6 X 10- 18 — '•* 

■ ija 

In this formula D x is the- distance travelled 'by the granule in 
any one plane, T is the: absolute- temperature, a the radius of 
the granule, and 7 ] the viscosity. . In the case we are considering, 
we already know r a .and T. D x may be taken as the radius of 
the egg, that is to say approximately 38 microns. If now we 
can determine t, the time required for a granule to travel across 
half of the egg, we could calculate the viscosity. No very exact 
determination of t is possible. But it is a simple matter to find 
the general order of magnitude of t, and from this the general 
order of magnitude of the viscosity. In the following table, t has 
been calculated for various assumed values of •?/. For the sake 
of simplicity, we have used. the viscosity in terms of water 
(rj w = 100 rj). 


t 

Vv? 

150 hours 

859 

100 „ 

■--v 573 


■286 . .. 

25 „ : J 

143 

io „ 

57 

5 „ 

28.6 


11.46 

l « 

5.73 

% A 

2. 87 


According to the table, if the viscosity of Arbacia egg proto- 
plasm were eight or nine hundred times -water as Seifbiz believes 
it to be, it would require a hundred and fifty hours for the granules 
to return through the egg after being centrifuged into one hemi- 

* See Burton, Physical properties of colloidal solutions. 2 nd 
edition, London and New York 1921. 
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sphere. Ordinarily the Arbacia egg only remains alive for twenty- 
four hours. And surely within two hours after centrifugal treatment 
the granules have become completely scattered throughout the 
egg. If one tries to estimate the time required for the first gra- 
nules to reach the pole of the egg farthest from the hemisphere 
to which they have been centrifuged, one finds that no exact 
measurement is' possible. The time seems to be more than half 
an hour and less than an hour. This would indicate a viscosity 
between 2.87 and 5.73 times that of water, or roughly about 
four times that of water. It must be remembered that the Einstein 
formula is not exact, and that it would probably give too high 
values for the viscosity when the granules are as numerous as 
they are in sea-urchin eggs. With a high concentration of gra- 
nules, there is surely a retardation of speed of Brownian movement, 
although this might not be noticeable if the granules are moving 
toward a granule-free area. 

The study of Brownian movement in Arbacia eggs has shown 
that Seifriz’s value for the viscosity of the protoplasm is cer- 
tainly wrong. This was to be expected, for Seifriz’s opinion 
was primarily based on the erroneous observation of Chambers 
to the effect that there is no Brownian movement in marine 
eggs (see previous discussion). 

The determination of the protoplasmic viscosity of the 
Arbacia egg, both by the centrifuge method and by the study 
of Brownian movement, depends on the measurement of the 
small granules. These can not be very accurately measured, as 
has already been pointed out. Fortunately any error in the mea- 
surement of the granules would have opposite effects in the two 
determinations. Thus, if the value that we have used for the 
radius of the granules is too low, this would result in too low 
values for the viscosity as determined by the centrifuge method 
and in too high values for the viscosity as determined by the 
Brownian movement method. In view r of this fact, it seems wise 
to average the results obtained by the two methods. In this 
way, we find the most probable value for the absolute viscosity 
of the Arbacia protoplasm to be 0.03, or three times the viscosity 
of water. 

It seems certain that the viscosity of the Arbacia egg proto- 
plasm, or rather of the non-granular part of the protoplasm is 
only several times as great as that of water. To biologists used 
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to thinking of protoplasm as a very viscous fluid, this may seem 
surprising, but from a physical standpoint it is readily under- 
standable. The non-granular part of protoplasm is essentially 
a protein solution (at any rate the constituents which would 
have the greatest effect in increasing viscosity are proteins). 
Now most protein solutions either have a viscosity two or three 
times that of water, or they are gels with a viscosity approaching 
infinity. The viscosity measurements indicate certainly that 
the protoplasm of the Arbacia egg is not a gel, and in the next 
chapter additional evidence will he presented which will bear 
out this conclusion. It is therefore not at all surprising that the 
non-granular protoplasm of the Arbacia egg should have a visco- 
sity of the same order of magnitude as a protein sol. 

The determination of the absolute viscosity of Arbacia egg 
protoplasm by the centrifuge method w r as to some extent uncertain 
because of the possible error involved in q, the correction factor 
of Cunningham. In the egg of the clam Cumingia , this factor 
is of less importance. This is due to the fact that in the Cumingia 
egg, there are almost as many light granules as heavy granules 
(see Fig. 1, p. 45). Hence when the egg is centrifuged and the 
heavy granules move in one direction, it is comparatively easy 
for a return flow to accompany the lighter granules in the opposite 
direction. In the determination of the protoplasmic viscosity 
of Cumingia egg protoplasm, the Cunningham factor was ne- 
glected. The results obtained w r ere thus certainly too high. They 
are also too high for another reason. The Cumingia egg contains 
two sets of granules which move in o|)posite directions when 
the egg is centrifuged. These granules -would certainly tend to 
collide, and the collisions when they oceured would slow the 
speed of the granules and thus tend to increase the viscosity 
values. The effect of such collisions was also neglected. 

The specific gravity of the heavy granules of the Cumingia 
egg was determined by the same method employed for the si- 
milar granules of the Arbacia egg. The value obtained was 1.18677. 
The calculation of the specific gravity of the intergranular fluid 
is relatively simple. The Cumingia egg contains approximately 
equal numbers of light and heavy granules, and these are not 
only of the same approximate size, hut they differ in specific 
gravity from the intergranular fluid by approximately the same 
amount. For when the egg is centrifuged, the light granules 
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travel about as fast in one direction as the heavy granules travel 
in the other. From these considerations, it is apparent that the 
specific gravity of the entire egg must be approximately equal 
to that of the intergranular fluid. The specific gravity of the 
entire egg was found to be 1.04853. a — q is therefore 1.18677 — 
1.04853, or 0.13824. Here again there is a poss ble error, as in 
the case of the Arbacia egg, for the granules may change their 
specific gravity upon emergence from the egg. Fortunately, for 
the Cumingia egg it is possible to show that errors in the deter- 
mination of the specific gravity of granules can not be of such 
a nature as to make the values found for the viscosity much lower 
than they should be. It is certain that the specific gravity of 
the intergranular fluid is 1.04853. Now the light granules can 
not have a specif e gravity much lower than 0.9, for there are 
no substances which could possibly be present as fluid or solid 
material in protoplasm which could have a specific gravity more 
than a few hundredths lower than this. If we assume the specific- 
gravity of the light granules to be 0.9, then a — q for the light 
granules is 1.04853 — 0.9 or 0.14853. This value is only slightly 
greater than that already found for the heavy granules. As stated 
previously g — q must be the same for light granules and heavy 
granules. Hence the value found for the heavy granules can 
not possibly be more than a few percent too low\ 

The granules of the Cumingia egg move very rapidly under 
the influence of centrifugal force (for details see Heilbbunn 5 26c). 
From the speed of this movement one can calculate the viscosity 
of the protoplasm. It is found to be 0.043, or 4.3 times that o f 
water. This is really a maximum value. As stated previously, 
no allowance was made for Cunningham J s correction or for the 
effect of collisions between granules. Both of these factors would 
tend to slow the speed of the granules, and both -would make 
the values determined for the viscosity higher than they should 
be. All that we can say with certainty is that the viscosity of the 
intergranular Cumingia protoplasm lies between 1 and 4.3 times 
that of water. 

* The determination of the viscosity of the Cumingia proto- 
plasm is especially important in that it seems that all possible 
errors which would tend to markedly increase the value have 
been excluded. Cunningham’s factor has been completely ne- 
glected, the specific gravity of the granules is certainly not appre- 
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ciably greater than we have found it to be, and even if the size 
of the granules is somewhat larger than our measurements indicate, 
this can not be a very important,- source of error. Apparently 
beyond any question the viscosity of the protoplasm of the Cumingia 
egg is of the same order of magnitude as that of a protein sol. 

Both in the case of the Cumingia egg and the Arbacia egg, 
pur determinations of protoplasmic viscosity concern only the 
material between the granules, that is to say the dispersion me- 
dium of the protoplasmic suspension. It is of interest now to 
consider the viscosity of the entire suspension, granules plus 
dispersion medium . The viscosity of a suspension may be calculated 
according to the formula derived, by -Einstein*,- and later by 
Hatschek**. This formula may be written as follows : , 

Vc “ Vo ( 1 + &/), . 

in which rj 0 is the viscosity of the suspension: rj 0 , the viscosity 
of the dispersion medium ; /, the ratio of the volume of suspended 
particles to the total volume of the suspension; and k is a constant. 
-Einstein gives the value of k as 2.5, Hatschek considers it to 
be 4.5. In the protoplasm, both of the Arbacia and of the Cu- 
mingia eggs, / is about x / 5 . The formula therefore shows that 
the viscosity of the entire protoplasmic suspension is one and 
one-half to tw r o times the viscosity of the intergranular fluid, 
depending on whether one uses Einstein’s value for k or Hat- • 
schek’s. 

It is now* generally recognized that the formula of Einstein 
and Hatschek does not give very accurate results, especially 
for more concentrated suspensions. Various other formulae 
have been suggested. Thus, for example, Bingham*** has proposed 
the following empirical formula: 



rj e and ?] 0 are as before, / is the volume concentration of the solid, 
and d is the particular value of / at which the concentration 
of the granules is so high that the viscosity becomes infinite. 

* - Einstein 1906, Ann. d. Physik, set. 4, vol. 19, p. 289, 1911, vol. 34, 
p. 591. 

** Hatschek 1911, Kolloid-Zeitschr., vol. 7, p. 301. 

*** Bingham, Fluidity and plasticity. New York 1922. 
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Perhaps Bingham’s formula is better than that of Einstein 
and Hatschek. As the concentration of suspended matter be- 
comes higher and higher, the viscosity of the suspension certainly 
must approach infinity, and this could not be predicted from 
the Einstein -Hatschek formula. But in order to use Bingham’s 
formula, one must know d, the concentration of suspended material 
at which the viscosity becomes infinite. For inanimate suspensions, 
d can readily determined by varying the concentration of suspended 
matter until there is no longer any flow possible. At first sight 
it would not seem feasible to apply the Bingham formula to 
protoplasm, for one can not add or take away granules from the 
cell. And yet it is really a very simple matter to change the 
granular concentration of the protoplasmic suspension. Osmo- 
tically one can extract water from the cell, and of course this 
has the effect of increasing the concentration of granules. When 
Arbacia eggs are placed in a hypertonic solution which reduces 
the volume to three-fourths of what it is normally, the viscosity 
of the protoplasm is increased about six-fold. When the volume 
is decreased to two-thirds of the normal, the viscosity is greatly 
increased and approaches infinity. Similar results were also 
obtained for Cumingia eggs. For both types of material there- 
fore, the value for fjd in Bingham’s formula is approximately 2 / 3 . 
From this figure, we can calculate the viscosity of the proto- 
plasmic suspension in both Arbacia and Cumingia eggs as three 
times the viscosity of the intergranular fluid. 

The application of Bingham’s formula is not without error. 
The increase in protoplasmic viscosity in hypertonic solutions 
is apparently not due entirely to the greater proximity of the 
granules. For when the eggs are returned to sea- water, the vis- 
cosity does not completely return to its original low value. 
There is thus an error due to the specific action of hypertonic 
solutions in increasing the viscosity. The effect of this error 
would be to make the viscosity as calculated from Bingham’s 
formula somewhat too high. If we average the results from the 
Einstein-Hatschek formula and from the Bingham formula, 
we can conclude that the viscosity of the protoplasmic suspensions 
in Arbacia and Cumingia eggs is 2% times that of the intergranular 
fluid. 

In the Arbacia egg, there is also a direct method of estimating 
the viscosity of the entire protoplasm. In this egg, it will be 
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remembered that the heavy granules are of two sorts, small 
colorless ones, and pigment granules with a diameter approxi- 
mately three times as great. The pigment granules are very few 
in number as compared with the colorless granules. When the 
eggs are centrifuged, the pigment granules, because of their 
larger size, tend to move much more rapidly than the colorless 
granules. But the more rapid movement of the pigment granules 
is continually retarded by collisions with the colorless granules 
in their path. We have already considered the effect of these 
collisions in calculating the viscosity of the intergranular fluid 
from the speed of the pigment granules. Viewed from another 
angle, the speed of movement of the pigment granules through 
the rest the protoplasm is a measure of the viscosity of the rest 
of the protoplasm, and inasmuch as the pigment granules are 
few, the viscosity of the rest of the protoplasm can not differ 
very appreciably from the viscosity of the entire protoplasm. 
From this point of view, if we neglect the effect of collisions, 
the viscosity as calculated from the speed of movement of the 
pigment granules should give a rough measure of the viscosity 
of the entire protoplasm. It has already been pointed out (see 
p. 79), that the viscosity calculated in this manner is 6.9 times 
that of water. The viscosity of the intergranular protoplasm of 
the Arbacia egg was found to be three times that of water. From 
the speed of the pigment granules, one would conclude that the 
viscosity of the entire protoplasm was two and a half times that 
of the intergranular material. The value obtained by direct 
determination thus agrees perfectly with the value obtained 
by calculation from the Einstein -Hatschek and Bingham 
formulae. 

The entire protoplasm of the Arbacia egg is thus about seven 
times as viscous as water, and the entire protoplasm of the Cu- 
mingia egg is something less than eleven times as viscous as 
water. It is certain therefore that the viscosity of the protoplasm 
of these marine eggs is of the same order of magnitude as that 
of the plant cells studied by Heilbkonn. The viscosity of the 
protoplasm of these cells is less than that of an oil, less than that 
of sulphuric acid. Ordinarily as the biologist examines proto- 
plasm under the microscope, he gets the impression that it is 
very viscous. “It is probable that such an impression, doubtless 
a universal one, is due in part to an illusion. When we examine 
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protoplasm under the microscope, we see granules much larger 
than they really are. They may be magnified a hundred, five 
hundred, a thousand times. Often as the cell is subjected to 
outside forces, we follow the movement of these granules from 
one part of the cell to another. Now the movement of a particle 
through a fluid under a given force is faster the larger the particle. 
For small particles, the speed varies as the square of the diameter. 
We see that the granule we are observing appears to move with 
some difficulty, we think of it as a large granule, failing to realize 
that it is much magnified, and subconsciously we associate the 
difficulty of motion with a high viscosity. We do not take account 
of the fact that the granule is really very tiny. Of course, it is 
true that the speed of the granule is magnified as well as its size, 
but it must be remembered that the ease with which a granule 
moves varies as the square of the diameter. A granule which 
is only one-hundredth of its apparent size would move at a speed 
one ten-thousandth of what we might expect if it were as large 
as it looked, or one-hundredth of what we might expect if not 
only the granule size, but the speed as well were magnified by 
the microscope. In our minds we naturally correlate the slow 
movement of the seemingly large granules with a viscosity much 
greater than it really is.” (HEiLBRtWN ’26c.) Again when we see 
protoplasm flow through narrow tubes, both the speed of flow’ 
and the diameter of the tube are magnified equally. But by 
Poiseuille’s law the speed of flow increases with the fourth 
power of the diameter of the tube. If we saw the tube as small 
as it really is, instead of magnified hundreds of times, w T e should 
doubtless subconsciously associate any flew through such a 
narrow tube with a very low’ viscosity. 

Actually wu are concerned not so much with the explana- 
tion of impressions or illusions as with actual facts. And at the 
present time the best measurements available indicate that 
the protoplasm of starch sheath cells, of slime molds, and of 
marine eggs is only a few times greater than that of w r ater. 

It must not be supposed that all living cells have such a 
low protoplasmic viscosity. Certainly this is not true when the 
entire protoplasm is considered. Some muscle cells are composed 
for the most part of fibrils, definite formed elements which prac- 
tically fill up the cell. The presence of these fibrils must result 
in a certain degree of rigidity. The contents of the muscle cell. 
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considered as a whole, must have a very high viscosity, although 
the fluid between the fibrils may or may not be very viscous. 
Probably many types of specialized cells contain fibrillar strands 
of one sort or another. Thus for example in the common protozoan 
paramecium, there is a neuromuscular apparatus composed 
of strands which extend through the ectoplasm and also ramify 
into the endoplasm. Also in this protozoan there are strands in 
the endoplasm, along which the food vacuoles travel*. The 
presence of these strands would have an effect on the viscosity of 
the protoplasm as a whole, and they might offer some resistance 
to the passage of granules or food vacuoles through the cell. 

It is not surprising therefore that Fetter ’2o found high 
viscosity values for the protoplasm of paramecium. In her experi- 
ments, she fed the parameeia powdered iron and then centrifuged 
them. On the basis of the speed of the food vacuoles filled with 
the powdered iron, she calculated the viscosity of the protoplasm 
of the paramecium. In making this calculation she determined 
the specific gravity of moist iron particles, and she assumed 
that the specific gravity of the fluid through which the iron 
vacuoles passed was approximately equal to the specific gravity 
of the entire paramecium. As a result of the calculation, it was 
found that the viscosity of the paramecium protoplasm, con- 
sidered as a whole, was 87.26, or 8726 times that of water. In 
another experiment, Fetter fed the parameeia starch and then 
determined the speed of movement of the food vacuoles filled 
with starch grains. In this test the viscosity was found to be 
8027 times that of water. It is very probable that the viscosity 
of the paramecium protoplasm varies with different rates of 
shear. It would be interesting to make determinations of absolute 
viscosity at different centrifugal speeds. 

It has been intimated that the presence of strands in the 
paramecium cell would make the viscosity of the protoplasm 
as a whole high. This is a logical explanation of the high viscosity 
values obtained by Fetter, but it is of course not the only ex- 
planation, and as a matter of fact it does not seem to be the most 
probable one. If a paramecium cell is centrifuged even for long 
times and at high speeds, the small granules which are scattered 
throughout the protoplasm do not move at all. This may be 

* Bozler 1924, Zeitschr. f. verg. Physiol., voL 2, p. 82. 
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due to any one of three causes. Perhaps the intergranular medium 
is too viscous to permit of a movement of the granules, or perhaps 
the granules do not differ very markedly in specific gravity 
from this medium, or perhaps finally the cell is so full of granules 
that there is no possibility of their moving into a limited portion 
of the cell. This last explanation seems the most probable one. 
Apparently in many cells the granules are so numerous that they 
fill up almost the entire volume. This is apparently true in the 
case of the egg of the starfish Asterias. After long centrifugal 
treatment only a very small region of the egg becomes free of 
granules. And longer centrifugal treatment does not seem to 
increase the extent of this granule-free region. This was probably 
first noted by Lyon ? 07. Similarly in the case of the egg of the 
sea-urchin Strongly ocentrotus, it was found impossible to centrifuge 
the granules into a small fraction of the egg volume. It is not 
surprising therefore that Guewitsch ’05 found these eggs very 
resistant to centrifugal force. After long centrifuging, there 
is indeed a small region which becomes free of granules, but the 
volume of this region is very small. It may sometimes be seen 
as a little hyaline projection at one end of the egg. 

In cells in which the granules are so numerous that they 
occupy practically all of the space, one must conclude that the 
viscosity of such a concentrated protoplasmic suspension is high. 
It would certainly be very surprising if it were not. As to the 
viscosity of the intergranular medium, of such cells, we have 
no precise information. But the fact that the granules are so 
closely crowded and yet in living cells must retain the power 
of moving over each other is a strong indication that the viscosity 
of the intergranular medium must be low. 

In this chapter it has been shown that in certain cells at 
least, the viscosity of the granule-free protoplasm is only several 
times as great as that of water. Even when the granules are 
considered along with the rest of the protoplasm, the viscosity 
of the entire suspension is often not more than eight or ten times 
that of water. These values are much lower than those usually 
assumed. Thus in a recent book (Meyer 7 21), the author assumes 
as a matter of course that the viscosity of the streaming proto- 
plasm of plant cells is well over that of castor oil, that is to say 
over 1000 times that of water. Othor authors assume that pro- 
toplasm is typically a gel with high viscosity. 
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It is hoped that in the future the viscosity of the protoplasm 
■ of many other types of cells- will be measured. In many instances 
the determination of the absolute viscosity of the protoplasm 
is not a very difficult matter. Often the specific gravity of the 
granules of a cell can be calculated in the manner outlined for 
the Arbacia egg. The difference between the specific gravity 
of the granules and that of the rest of the protoplasm can then 
be set within fairly narrow limits, and when this is done, merely 
a few centrifuge tests together with a few simple size measure- 
ments are necessary to complete the tests. 

The discussion so far has been concerned only with the 
viscosity of the cytoplasm. In view of the fact that the nucleus 
is such an essential part of the cell, it is very important to know 
what the physical properties of its interior are. Unfortunately, 
there is very little definite information. 

In the literature of the present time, one finds many opinions 
as to whether the interior of the nucleus is a sol or a gel, but 
there is not much evidence one way or the other. Lepesch- 
kin ’24 believes that the interior of the nucleus is a sol. So does 
Schaede (’26), although he had previously held (’25) that it 
might sometimes he a gel. 

Kite 5 13 studied the nuclei of a number of types of cells 
with the microdissection method. He found all the nuclei tough, 
with the exception of the nucleus of the immature starfish egg. 
Chambers ’24 believes that Kite’s results are due to coagulation 
or gelatinization following the entrance of the needle, and he 
cites his previous observations, and the unpublished observations 
of Chambers and Schmitt, to show that the nucleus has a fluid 
interior. According to Chambers, “With improved methods, 
it has definitely been shown, however, that the interkinetie 
nucleus in every living metazoan cell so far studied is fluid and 
possesses no visible structure except for one or several nucleoli 
and a delicate investing membrane”. Taylor ’20 found by 
microdissection that the macronucleus and micronucleus of the 
protozoan Euplotes were both gels. He states that the micro- 
nucleus could be pulled into threads. Similar observations were 
made by Berthold ’86 (see p. 48) for the nuclei of the pollen 
mother cells of various monocotyledenous plants. These also 
could be pulled into long threads. 

In view of the many objections to the microdissection me- 
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thod (see p. 40), it is doubtful if the results obtained by micro- 
dissection are of any value. They have unfortunately drawn 
attention away from definite exact observations on uninjured 
cells, which are of course far more valuable. These observations 
are of two sorts, those on Brownian movement of particles within 
the nucleus, and those on the movement of the nucleolus through 
the nucleus under the influence of gravity or of centrifugal force. 

Before discussing the observations on Brownian movement, 
it should be clearly pointed out that Chambers’ statement that 
there are no visible structures in the interior of the living nucleus 
other than the nucleoli is certainly not true generally, for it is 
contradicted by the observations of dozens, probably hundreds 
of observers. The first books on the cell, for example those of 
Schwann j 39, Schleiden ’49, and Hoemeister ’67, contain de- 
scriptions of granules visible w T ithin living nuclei, and they have 
qeen described by numerous observers since then. 

The granules within living nuclei may show Brownian move- 
ment. Russo ’10 barely mentions movements of granules 
within nuclei. The most complete study of the Brownian move- 
ment of granules within living nuclei has been made by Gross ’16. 
He observed chiefly four types of cells. The nuclei of the cells 
of the salivary gland of the snail Limnea stagnalis have many 
granules which are in very active Brownian movement. As is 
typical for Brownian movement, the amplitude of the displace- 
ments decreases as the granular diameter increases. For granules 
with a diameter over 4 [x, Brownian movement is no longer visible. 
Granules 1 /j in diameter suffer displacements of 1 u. Gross 
states definitely that the displacement may occur in any plane 
in space, an important point. Gross also describes Brownian 
movement of visible granules in the nuclei of clam eggs and in 
the nuclei of the epithelial cells of salamander larvae. Gross 
describes threads or filaments in the nuclei of the Malpighian 
tubes of Corethra larvae. He does not mention any movement 
of these filaments and they were probably motionless. . However, 
Shiwago has described motile filaments in the resting nucleus 
of frog leucocytes. Lepesciikin ’24 b describes Brownian move- 
ment in the nuclei of various plant cells. 

From Gross’ observations, it is possible to get a general 
idea as to the viscosity of the intergranular fluid of the nucleus. 
For the nuclei of the salivary gland cells of the snail, Gross 
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states that granules I micron in diameter suffered displacements 
of I jli. Unfortunately Gross does not state how great a time 
was required for such a displacement. If he had recorded this 
time, it would have been possible by the use of the formula given 
on page 78 to calculate the viscosity. Thus if the time were one 
second, the viscosity -would be 0.07, if the time were 10 seconds, 
the viscosity would be 0.7. It is very probable that Gross made 
his observations quickly, and thus it seems certain that the vis- 
cosity of the nuclear fluid of snail cells is not much greater than 
the viscosity of water. 

Various botanists have noted that when plant cells are 
centrifuged, the nucleolus behaves as if it were heavier than 
the rest of the nuclear material and is thrown to the centrifugal 
end of the nucleus (see for example Mottier ’99, Andrews ’08, 
’15). Often the nucleus is so forcibly moved that it breaks through 
the nuclear membrane. In animal cells the nucleolus is also moved 
by centrifugal force, at any rate this is true in the case of immature 
eggs with large germinal vesicle (see Lhjlie.’OG). In oocytes, 
the nucleoli move under the influence of gravity. Thus Her- 
rick ’95 in studying sections of the ovary of the lobster, noted 
that the nucleoli were always orientated toward the lower side 
of the nucleus. In the immature egg of the sea-urchin Echinus 
esculentus , Gray ’27 has measured the speed with which the 
nucleolus falls under the influence of gravity. It travels at the 
rate of 0.4 /u per second. Gray does not state the size of the 
nucleolus, but from his figures it can be seen to be about 16 u. 
If now we make the assumption that the difference between 
the specific gravity of the nucleolus and the nuclear fluid is 0.1. 
the viscosity of the nuclear fluid as calculated from Stokes’ 
law is 0.02 or two times the viscosity of water. This value must 
be very near the correct one. Obviously it can not be much too 
high. And it can not be much too low, for the only value about 
which there is any doubt is the value we ijjave taken for the diffe- 
rence in specific gravity between nucleolus and nuclear fluid. 
The specific gravity of the nuclear fluid must be about 1.04 
(that of sea- water is 1.08). It would hardly be possible for the 
specific gravity of the nucleolus to be very much greater than 1.14, 
for there are no substances in protoplasm which have a much 
higher specific gravity. The specific gravity of proteins typically 
does not exceed 1.3. 


CHAPTER VI 

THE ELASTICITY OF PROTOPLASM 

When a solid body is distorted, it tends to regain its original 
shape, i. e. it is elastic. Liquids and gases when compressed into 
a smaller volume, expand to their original volumes when the 
pressure is released. They thus exhibit volume elasticity, but 
they do not ordinarily possess elasticity of form. However thin 
films of liquid do regain their form following distortion, a soap 
bubble subjected to pressure returns to its original shape when 
the pressure is released. As is well known a surface tension film 
can behave like an elastic membrane. Moreover, even in mass, 
solutions which we ordinarily regard as fluid may occasionally 
show form elasticity. Thus a gelatin sol may have elastic pro- 
perties in spite of the fact that it flows fairly easily. In the case 
of the elastic gelatin sol, its fluidity or viscosity is a function 
of the pressure or shearing force to which it is subjected. If the 
pressure is low enough, there is no flow at all. Only when a certain 
initial resistance is overcome, does the sol exhibit the properties 
of a fluid. This is a characteristic of many types of substances. 
Probably it is more exact to speak of these substances as plastic 
solids rather than as liquids ; at any rate, this practice is followed 
by many recent authors. A plastic solid or an elastic sol owes 
its elasticity to the presence of structural elements which are 
often in the shape of fibers. The interlacing of fibrillar micellae 
provides a structure which offers resistance to distortion, and 
the result is a certain (Jpgree of elasticity. Under pressure, the 
structure tends to be broken down, and as the pressure is increased, 
there is an increase in fluidity, or in other words a decrease in 
viscosity. In the case of some colloidal solutions, mere shaking 
is sufficient to produce a marked change in fluidity. Thus vanadium 
pentoxide in concentrated colloidal solution is a pasty gel, when 
the gel is shaken it becomes quite fluid. Various other colloidal 
•solutions behave in the same fashion, they are then said to be 
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thixotropic, and the phenomenon is called thixotropy (see Freund - 
3LICH ’27). 

When, a colloidal solution has a definite form independent 
of a containing vessel, it is always elastic. If on the other hand, 
a colloidal solution is capable of flow, it may or may not have 
elastic properties. Freundlich and Seifriz* describe a method 
for demonstrating the elasticity of colloidal solutions. A tiny 
sphere of some magnetic metal is suspended in the solution. 
It is then drawn to one side by a magnet. If the metallic 
particle springs back to its original position after the magnetic 
field is removed, this is certain evidence that the solution is 
elastic. 

A more usual method of demonstrating the elasticity of col- 
loidal solutions is to measure their elasticity at various rates of 
shear. True fluids have the same viscosity no matter what the 
rate of shear. On the other hand, elastic fluids (or plastic solids) 
have a lower viscosity as the rate of shear increases. Tims, to 
chose only a single example of many such observations, Freund - 
lich and Abramson ’27 in measuring the viscosity of an aging 
1 % gelatin solution in a Hess viscosimeter, found that the vis- 
cosity went through a whole series of diminishing values as the 
pressure on the solution was increased. 

Concerning the elastic properties of protoplasm there is 
very little precise information. Probably every worker who has 
experimented with living animal cells knows that they regain 
their original form following distortion. Plant cells are usually 
surrounded by a stiff cell wall, so that this property is not so 
evident. But with animal cells, sea-urchin eggs for example, 
one could hardly escape knowing that the cells flatten under the 
pressure of a cover slip only to regain their shape again when 
the pressure is removed. This ability to resist distortion must 
depend in part on the surface tension of the film surrounding 
the egg, it must also depend on the elasticity of the membrane 
of the egg, which we have shown previously to be solid and there- 
fore elastic (see p. 13). Whether the interior of the egg is elastic 
or not is a problem which requires further study than the mere 
observation of the elastic properties of the egg as a whole. 


* Freundlich and Seifriz 1923, Zeitschr. f. physik. Chem., vol. 140, 
p. 233. 
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That cells are elastic, that is to say, that they regain their 
form following distortion has been known since the time of 
Leeuwenhoek. Practically all the literature concerns blood 
cells. Leeuwenhoek noted that red blood cells were frequently 
distorted when they passed through narrow vessels, hut that 
they regained their original shape following distortion. This 
observation has been repeated by numerous subsequent workers. 
As early as 1822, J. C. Schmidt cites 13 authorities, all of whom 
had noted the elasticity of circulating red blood cells. To quote 
from Schmidt, “DaB die Blutkorner beim Durchgehen durch 
die kleinsten GefaBe oder Gauge gedruekt, und damit verlangert 
werden, daB sie aber nachher wieder ihre runde Gestalt annehmen. 
Dieses sahen und glauben Leeuwenhoek, W. Cowper, Fr. W. 
Horch, H. Baker, H. Mihles*, J. Keil, Senac, Fontana, 
Fr. B. Albin, L. Caldani, G. Reichel, Spallanzani, Hunter, 
Blumenbaoh, Poli, J. Dolling er”. Most of these references 
are from the 18 th century; for complete citations, see Schmidt’s 
paper. 

Following Leeuwenhoek’s observations, many authors ex- 
perimented on the elasticity of red blood cells. Such experiments 
were not uncommon in the eighteenth century and in the early 
part of the nineteenth. The large corpuscles of salamander blood 
were soon recognized to be especially favorable material. In 
some experiments, the circulating blood of the salamander luiig 
was compressed between glass or mica plates, and it was found 
that the size of the corpuscles might increase 3 or 4 or even 5 fold. 
Upon the removal of pressure, the corpuscles regained their 
original form. To quote Schmidt 1822 again, “Dellatorre will 
aueh von .dem Drucke zwever Glimmerblattchen, zwischen welche 
man das Blut presst, die Gestalt der Blutkorner verandert, und 
naeh aufgehobenem Drucke wieder hergestellt gesehen haben. 
Auch F. Fontana will sie zwischen zwey Glimmerblattchen so 
zusammengedriickt haben, daB sie 4—5 mal breiter geworden 
seven, nach aufgehobenem Drucke aber ihre wahre Gestalt wieder 
angenommen batten.” For later observations of the same sort, 
see Ascherson ’38, Wagner ’38, Rollett ’71. Rollett ’71 ■ 
also cites several other references on the same subject. Nasse 
’42 (seep. 93), and Boettcher ’66 may also be consulted. Stricker 


* This is probably a. reference to H. Miles. 
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’67 studied the elasticity of white blood cells and showed 
that they might be stretched to three or four times their original 
length. 

In recent years there has been frequent reference to the 
elasticity of protoplasm, and it has often been stated that the 
living substance is highly elastic (see for example Seifriz ’26 a). 
Actual data have been few. Seifriz ’26 b inserted microdissection 
needles into an amphibian red blood cell, and found that it could 
be stretched to three times its original length, and would then 
return to its original size if the tension were removed. Seifriz 
is apparently unaware of the older literature in which the same 
observation was made without any possibility of an injury effect 
from the insertion of the needles into the cell. Granting that 
blood cells can be stretched and will then regain their original 
form, one does not know how much of this effect is due to surface 
tension, how much to the elastic properties of the cell membrane, 
and how much if any to the elastic properties of the interior 
protoplasm. Seifriz himself is inclined to regard only the cell 
membrane as elastic (he calls it the cell wall). On the basis of 
some interesting reasoning, Ponder ’24 had already pointed out 
that the elasticity of the red blood cell was due entirely to its 
membrane. 

Scarth ’27 experimented with the protoplasmic strands of 
various plant cells. He states that he moved a needle back and 
forth in the axis of a strand of a Tradescantia cell. “The respective 
portions of the latter (i. e. the strand), lengthened or shortened 
elastically with little or no slip of the needle.” Again “in 8 pi- 
rogyra the nucleus may be pushed from end to end of the cell 
and immediately recoils to its original position when released.” 
These observations of Scarth are of doubtful value. The mere fact 
that there is a strand in a cell visibly limited from the vacuole, 
is an indication that the strand must have a physical surface. 
The apparent elasticity of the strand as a whole might be due 
entirely to the surface tension of this surface. Concerning the* 
actual structure of the protoplasmic strands of plant cells we know 
peculiarly little. Is the flowing protoplasm of these strands sur- 
rounded by a delicate tube-like membrane which prevents it from, 
diffusing into the surrounding vacuole ? Or do the protoplasmic 
granules move along a slender filament which occupies the 
center of the strand ? Until we know more concerning the true 
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morphology of the protoplasmic strands of plant cells, it is rather 
difficult- to interpret observations concerning their elasticity. 

It is rather interesting to compare recent statements regarding 
elasticity of protoplasm with the statements of older workers. 
Naegeli and Schwendener ’67 (see p. 403), after pointing 
out that w r hen a Spirogyra cell is treated with a sugar solution 
it forms long threads between the cell body and the cell wall, 
state that if these threads are cut, the protoplasm of the thread 
is pulled back to the main mass of the cell. But they indicate 
clearly that this is not necessary evidence of elasticity. Appa- 
rently in 1867 one was well informed regarding surface tension 
phenomena. 

From what has gone before, it must be obvious that the 
question of the elasticity or non- elasticity of the cell as a whole 
is an idle one. Anyone at all conversant with the properties of 
matter must realize that the surface tension of the cell in itself 
makes it resist distortion, and further that the presence of a 
rigid membrane such as is typical for animal cells likewise bestows 
elasticity on the cell as a whole. A much more important question 
is the problem of the elasticity of the protoplasm of the cell 
interior. 

In the following discussion we shall consider first the possible 
elasticity of the protoplasm of the interior of plant and animal 
cells, and second the elasticity of the cell membrane of animal 
cells. 

Very few workers have undertaken a measurement of the 
elasticity of the protoplasm which is contained in cells. In 1924, 
Seifriz published a paper -with the title “An elastic value of 
protoplasm”, and this paper has often been quoted as indicating 
that the protoplasm of echinoderm eggs, and protoplasm in ge- 
neral, is elastic. In view 7 of the fact that Seifriz’s paper constitutes 
one of the few attempts to measure the elasticity of protoplasm, 
his data w r ill be considered in detail. Seifriz cites only a. single 
experiment. This was made with an EcMnarachnius (sand dollar) 
egg. Into this egg, Seifriz injected a nickel ball 16 microns 
in diameter. It has already been pointed out that such a procedure 
would be certain to produce severe injury (see p. 64), but for 
the purpose of discussion w r e w r ill assume that the egg in question 
remained uninjured. The EcMnarachnius egg measures 140 p, 
and according to Seifriz, there is a distinct cortical zone, whose 
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depth, is ■“ somewhat less than one- tenth of the diameter of the 
egg”. Into this cortical zone, somewhat less than 14 ji in thickness, 
the 16 pi nickel particle was imbedded. From these figures it 
is quite obvious that the particle was in direct contact with the 
outer membrane of the egg. When the current of an electro- 
magnet was turned on, and the egg was held by two needles, 
the nickel particle moved approximately 9 ft . Seifriz does not 
definitely state whether or not the nickel particle returned to 
its original position after the magnetic field was removed. Ap- 
parently it did return, for he made no correction in his “stretching 
value” for such a failure to return. How it could have failed to 
return is difficult to understand. When the nickel particle moved, 
it must have stretched the egg membrane, and the elasticity of 
this membrane was certainly sufficient to restore the nickel 
particle to its original position. It is thus obvious that Seifbiz’s 
experiment gives us no real information regarding the elasticity 
of the interior protoplasm of the Echinarachnius egg. We do 
not even know whether or not this protoplasm is elastic. In the 
same paper in which he makes the elasticity test, in a short 
section on viscosity Seifeiz describes one or tw r o tests in which 
a nickel ball moved through the center of the egg, and apparently 
did not return after the magnetic field was removed. This may 
indicate either absence of elasticity or adhesion to the outer 
cortex or membrane of the egg. 

An elastic fluid is a fluid with an internal structure. If it 
is subjected to pressure or distortion, the structure tends to 
break down and this is reflected in a more or less pronounced 
decrease in viscosity. Here then is a means of determining whether 
or not the interior protoplasm of living cells is elastic. 

Some very interesting observations are recorded in a paper 
of Heibbbonn’s ( ? 22). It will be remembered that this -worker 
introduced tiny iron rods into the plasmodia of various myxo- 
mycetes. These rods were then made to rotate as a result of their 
being exposed to a magnetic field from an electromagnet. The 
strength of the magnetic field, as determined by the amperage 
of the current 'which passed through it, was then taken as a measure 
of the viscosity. It is interesting that Heilbboxn never makes 
any mention of the return of the iron rods to their original po- 
sition, and from his method of describing his experiments it is 
quite certain that no such return occurred. It is thus apparent 
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that the interior protoplasm of slime mold plasmodia is not highly 
elastic. But the most important experiments of Hbilbjronn, : 
from the standpoint of the elasticity question, are the experiments 
in which he repeatedly twisted the iron rods in the attempt to 
discover whether such repeated twistings had an effect on the 
viscosity of the 'protoplasm. These experiments we shall now 
proceed to consider. 

The results obtained by Heilbronn were of two sorts. In 
the first place, he found that for Reticularia, which has relatively 
large plasmodia, the. viscosity showed no decrease following 
frequent twistings of an iron rod. The experiment was carried 
out in the following way. An iron rod within a Reticularia plasm o- 
dium was placed at right angles to the lines of force of the magnetic 
field. The number of amperes current necessary to turn it parallel 
to the lines of force, was measured. Then the stage of the micro- 
scope was turned through 90°, and the measurement repeated. 
In the only experiment cited by Beilbrorn, the measurements 
of viscosity were repeated at minute intervals. It was found 
that the viscosity, as determined by the amperage of the current 
passed througli the electromagnet, remained constant for 18 
successive determinations at a value of 3.5 amperes. Then the 
viscosity increased to a value of 3.6 amperes and remained at 
this value for 7 more determinations, following which the experi- 
ment was discontinued. It is thus apparent that the movement 
of an iron rod through the protoplasm if Reticularia plasmodia 
does not produce a viscosity decrease. This is strong evidence 
that the protoplasm of this type of plasmodium is inelastic. 

On the other hand, when the smaller plasmodia of Badhamia 
utricularis and Physarium cinerevm w^ere studied, the viscosity 
was found to drop following frequent determinations. In the 
case of Badhamia utricularis , viscosity determinations could 
only be made at intervals of several minutes. The plasmodium 
is so small that the iron rod had to be oriented with a needle 
following each measurement, in order to make certain that it 
had room to turn. Heilbronn is of the opinion that the insertion 
of the needle may very well have had. an effect on the viscosity 
value, and he cites an experiment in support of this view. Follow- 
ing 12 successive determinations on a Badhamia plasmodium, the 
viscosity value in amperes w r as found to drop from 1 .9 to 1 .4. Phy- 
sarium plasmodia resemble those of Badhamia in that there is barely 
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room enough, for the iron rod to turn. In this form also, Heil- 
bronm found the viscosity to decrease following successive measure- 
ments. Thus after II successive measurements, the viscosity 
value was 1.9 as compared with an initial value of 2.2. Nine 
subsequent measurements resulted in no further decrease in 
''viscosity. 

There are two possible interpretations of these experiments 
of Heilbeonn’s. At first sight we would conclude that the proto- 
plasm of Reticularia is inelastic, -whereas that of Badkamia and 
Physarium is elastic. But it must be remembered that although 
the plasmodia of Reticularia are large, those of Badkamia and 
Physarium are small. In the latter two forms, the turning of 
the iron rod tends to be prevented by the presence of the ecto- 
plasm. As has been shown previously (see p. 64), the ectoplasm 
of myxomycete plasmodia is certainly a gel, and it is doubtless 
elastic. Hence in Badkamia and Physarium the observed elastic 
effect is due not to the internal protoplasm, but to the outer 
ectoplasm. If we accept this second interpretation, we are no 
longer faced with the necessity of assuming that two closely 
similar types of living substance differ in a fundamental property. 

We conclude therefore, that as far as the evidence goes, 
the internal protoplasm of slime mold plasmodia is inelastic. 

There is an interesting experiment of Rhumbler ? 02, T4, 
which should be cited in this connection. Rhumbler studied, 
the effect of pressure on the speed of rotation of Ohara proto- 
plasm. The cells of the alga Ohara were mounted on a slide, and 
with the aid of a special apparatus, pressure was applied to 
the cover slip from above. Pressures up to 4.6 atmospheres had. 
no effect on the rate of protoplasmic streaming, the protoplasm 
flowed neither more slowly nor more rapidly. A similar result 
had, as a matter a fact, previously been obtained by Hormahn 3 98. 
This author subjected cells of Nitella in a glass tube to a pressure 
of two atmospheres. In these experiments, the tube containing 
the cells was connected with a manometer tube filled with mer- 
cury. Hobmaee" found that a pressure of two atmospheres had 
no effect on the rate of streaming (see also Lauterbach ’21). 
At first sight, it would seem that the experiments of Hormann 
and Rhumbler offer proof of the inelasticity of the streaming 
protoplasm. For if the protoplasm were an elastic fluid (or a 
plastic solid), we would expect a decrease in viscosity and an 
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increase in the rate of flow with increase in pressure. But it 
should, be pointed out that the pressure applied to an entire cell 
of Cham or Nitella is hardly comparable to the pressure which 
is applied to gelatine as it is forced to flow through a capillary 
tube. We are probably not justified, therefore, in regarding 
the Hobmaxn-Bhumbleb experiment as a demonstration of 
the inelasticity of the protoplasm of the cells of Chara or Nitella, 

As mentioned previously, a standard method of determining 
whether or not a fluid is elastic, is to make viscosity measure- 
ments at varying rates of shear. If the viscosity remains constant, 
the fluid is inelastic. Thus, for example, if we measure the rate 
of flow through a capillary tube, in the case of an inelastic or true 
fluid, the speed is proportional to the pressure, the liquid obeys 
Poisetjille’s law for the speed of flow of liquids through tubes, 
and the viscosity remains constant as the pressure is varied. 
On the other hand, if the material we are studying is elastic, 
there is no longer a strict proportionality between the speed of 
flow and the pressure, for the viscosity becomes less and less as 
the pressure is increased. In general, no matter what type of 
viscosity measurement is employed, for elastic materials the 
viscosity becomes less as the shearing force increases, whereas 
for inelastic materials the viscosity remains constant as the shearing 
force changes. 

In using the centrifugal method to measure protoplasmic 
viscosity, it is a simple matter to vary the shearing force. One 
needs only turn the centrifuge at different rates of speed. The 
centrifugal force varies as the square of the number of turns 
per second. 

In a series of tests on the protoplasm of Cumingia eggs 
(Heilbbunn J 26a), the centrifuge handle of a small hand centri- 
fuge was turned once per second, once every two seconds, once 
every three seconds, and once every four seconds. The speed 
of movement of the protoplasmic granules was determined for 
each of these rates of turning. In the Cumingia egg, the fat gra- 
nules move a little more rapidly than do the pigment granules. 
In the following table (Table I.), the time in seconds necessary 
for the fat granules to move far enough so as to give the appearance 
of a definite zone at one end of the egg is noted in the second 
column, under T . The time in seconds necessary for the pigment 
granules to move far enough so as to give the appearance of a 
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definite zone is shown in the fourth column, under T f : In the 
first column, under 8, are shown the number of seconds required 
for a single turn of the centrifuge handle. If the protoplasmic 
fluid through which the granules move is a true fluid, their speed 
of movement should vary directly with the centrifugal force, 
that is to say, with the square of the number of turns the centrifuge 
tubes make per second. From any one value for granule speed, 
it is easy to calculate what the speed would be for other amounts 
of centrifugal force, on the assumption that the granules really 
do move through a true fluid. In the table, the calculated values 
for T and T' were obtained from the second series of values. 
The calculated values for T and T' are given in the third and 
fifth columns respectively. 


Table I 


s 

T observed 

T calculated 

* 

T observed 

r calculated 

1 

2 

3 

3 

3 % 

2 

12 


14 

— 

3 

27 

! 27 

33 

31*4 

4 

48 

48 

56 

56 


From the table it is easy to see that the observed speeds 
are close to the speeds calculated on the assumption that the 
protoplasm through which the granules travel is a true fluid. 
The agreement is particularly satisfactory for the last two values 
in each case. When the centrifuge is turned at top speed, at 
the rate of one turn of the handle in one second, the observed 
value for the time of granular movement is too low. This is readily 
understandable from the conditions of the experiment. When 
the centrifuge handle is turned fast, it is not possible to stop 
it immediately following the expiration of a given number of 
turns. Thus when the handle is turned two times in tv r o seconds, 
it continues to move for a good fraction of a second before it 
can be stopped. The percentage of such error is also greater 
when the total number of turns'; is small. 

The data in Table I are perhaps more readily understandable 
if one calculates the protoplasmic viscosity for different amounts 
of centrifugal force. This has been done in Table II., in which 
only the data in the second half of Table I. have been utilized. 
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The viscosity values in Table II are arbitrary relative values, 
which however happen to be close to the actual values in terms 
of the viscosity of water. 


Table II 


Centrifugal force in 
terms of gravity 

Viscosity of Cumingia egg 
protoplasm in arbitrary 
units 

310.5 

3.5 

552 

3.7 

1242 

3.5 

4968 

3 


Obviously, the viscosity remains constant as the centrifugal 
force varies. As pointed out previously, the value obtained with 
very high centrifugal force is not accurate, for it is impossible 
to stop the centrifuge quickly enough. Such an error would tend 
to make the viscosity value too low, and this is apparently the 
explanation of the low value obtained with a force 4968 times 
gravity. Attention should be called to the fact that the variation 
of shearing force in the above tests is greater than that usually 
found in similar experiments of colloid chemists on inanimate 
material. It should also be noted that the shearing force is not 
excessively great, for the speed of the moving granules is really 
very slow. Thus at slower centrifugal speeds the granules only 
travel 15 or 20 microns in a minute. 

The data that we have presented are not very extensive. 
As far as they go, they show that the protoplasm of the Cumingia 
egg is not elastic. Other unpublished results tend to bear out 
this conclusion, not only for the Cumingia egg, but for the Arbacia 
egg as well. 

[From the preceding discussion it is apparent that in spite 
of the various papers that have been written on the elasticity 
of protoplasm, there are in the entire literature only two experi- 
ments which really give any information concerning the elasticity 
of the internal protoplasm of cells. At any rate only two such 
experiments have been discovered in a search of the literature. 
Heilbeonn’s experiment in Beticularia plasmodia shows the 
internal protoplasm in this species to \>e inelastic. The centrifuge 
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experiment of Heilbkunn also indicates an inelasticity of the 
protoplasm of the Gumingia egg. 

One would hardly be able to conclude much from these 
two experiments, if it were not for the fact that there is some 
excellent negative evidence which supports the view that undifferen- 
tiated protoplasm is typically inelastic.* When elastic materials 
are subjected to a one-sided pressure, they are always doubly - 
refractive. Now in spite of the fact that many observers have 
studied cells under crossed nieols, no one has ever described any 
type of undifferentiated protoplasm which is doubly refractive. 
When a biologist studies cells, he usually subjects them to the 
pressure of a cover slip, and as the preparation dries, this pressure 
may be considerable. The conditions of observation would there- 
fore be favorable for the demonstration of anisotropy, if it were 
present. As a matter of fact, the cell membranes can be seen to 
be doubly -refractive. But in spite of the fact that the polari- 
zation microscope was in very common use in the middle of the 
last century, there is apparently no record of any description 
of undifferentiated protoplasm as doubly-refraetive. Valentin J 6I 
states specifically that the protoplasm of various egg cells is 
isotropic. And Dippel ’72 (part 2, p.324) states categorically/ 
“Samtliche nur aus Protoplasma aufgebaute niclit krystallisirte 
Inhaltskbrper (ohne Starkeeinschluss) modificiren das polaii- 
sirte Licht in keiner Weise und geben sich somit als einfach 
brechende zu erkennen”. 

An especially interesting observation is that of Valentin J 64. 
He studied streaming plant protoplasm under a polarization 
microscope. From his careful description of the anisotropy of 
an occasional crystal, and his failure to remark on the anisotropy 
of any other elements, it seems certain that the main mass of the 
flowing protoplasm was isotropic. An elastic fluid could never 
appear as isotropic when it was in a state of flow. 

It must not be thought that all protoplasm in cell interiors 
is inelastic. On the contrary, there are certain indications that 
in many cells there are at least elastic elements in the protoplasm. 
We have already had occasion to refer to the presence of definite 
fibrillar elements in some types of cells (see p. 17 and p. 80). 
Such fibrils are beyond any question elastic, as the very fact 
that they possess form indicates/ Even in marine eggs, in which 
the main mass of the protoplasm is inelastic, elastic fibers appear 

Protoplasma-Monographlen I: Heilbruim 7 
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during cell division. When unfertilized Gumingia eggs are cen- 
trifuged, although most of the protoplasmic granules move through 
the cell readily enough, here and there occasional granules can 
be seen to be entangled in the astral rays of the mitotic spindle 
of the first maturation division (cf. Heilbrijnn 5 26e, p. 271). 
These astral rays are surely elastic. This is very evident in the 
Arbacia egg, in which the astral radiations can be seen to exert 
a pull or tension on the enclosing membrane of the cell to which 
they are attached. This membrane, the so-called hyaline layer, 
is at first perfectly smooth in contour. But with the appearance 
of the amphiaster it becomes indented, so that it is often very 
obviously crenate (see Heilbritnn 5 20a, p. 222). Almost certainly 
these indentations are the result of a pull of the astral ray fibers, 
and so Heilbrunn interpreted them. The uneven appearance 
of the egg contour becomes exaggerated when the eggs are centri- 
fuged. Then the astral ray fibers exert a still stronger pull on 
the periphery of the cell, so that the cell is often very much 
distorted. 

The astral ray fibers are gels, and they are apparently thixo- 
tropic gels. This follows from the fact that shaking results in 
a disappearance of the astral radiations. Wilson 5 01 shook sea- 
urchin eggs violently just as they began to divide. The division 
was suppressed, and the astral rays disappeared (see Wilson's 
Fig. 58). Boveri’97 had previously found that the division 
of the sea-urchin egg could be prevented by pressure. Seifriz 5 24a 
also describes a disappearance of the mitotic spindle when eggs 
of Ecfiinarachnius are subjected to pressure. 

There can be no question but that the visible fibrils or fibers 
contained in protoplasm or forming a part of protoplasm are 
elastic. Such a statement hardly requires proof. It also seems 
probable that the dispersion medium of protoplasm, that is to 
say the medium in which granules and fibrils are suspended, is 
without elasticity in many if not in all types of cells. This follows 
both from the experimental evidence of Heilbronn and Heil- 
brunn, and from the fact that undifferentiated protoplasm is 
not doubly refractive. 

Further tests of the elasticity of protoplasm, seem desirable. 
Whenever a cell is capable of having its viscosity tested by the 
centrifuge method, it is possible to decide whether or not the 
protoplasm is elastic. One has only to make a series of tests at 
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different centrifugal speeds. If in these tests the viscosity remains 
constant, then it seems certain that the protoplasm is inelastic. 

The second phase of our subject deals with the elasticity 
of the cell membranes of animal cells. These membranes are 
certainly rigid, and there is thus no doubt but that they are 
elastic. It therefore becomes of interest to attempt a measurement 
of this elasticity. 

With the aid of a horizontal microscope Vles 9 26b studied 
the deformation or flattening of sea-urchin eggs when they came 
to rest on a flat surface. In Vles 5 terminology 7 , if the horizontal 
diameter of the eggs is a , and the vertical diameter by h, then 

... fa 

the eccentricity of the eggs can be expressed by the fraction — — • 

For normal eggs surrounded by jelly, Vles found this eccentricity 
to average 0.12, when the eggs came to rest on a glass plate. 
If the jelly was washed off with 3 % KCN, the eccentricity 
was found to be 0.026*. From these values, Vles calculates 
the surface forces of the egg on the basis of an empirical 
formula which he obtains from an experimental study of small 
droplets of various liquids. According to Vles, the surface forces 
include the following: “les forces de tension superficielle (an 
sens capillaire du mot), forces interfaciales exercees a la limite 
entre les liquides exterieurs et les substances de phases diffe- 
rences constituant la peripherie de l’oeuf; eventuellement, les 
forces elastiques developees par des membranes enveloppantes ; 
et enfin et surtout les eomposantes superficielles des forces de 
rigidite des gels interieurs, cisaillees par toute deformation me- 
eanique dont Poeuf pent etre le siege”. From the previous dis- 
cussion, it is apparent that the last mentioned forces do not 
exist. The surface forces of Vles can then be taken to include 
surface tension forces and forces due to the elasticity of the egg 
membrane. For these combined forces, Vles calculates a total 
force of 10 to 25 dynes per centimeter. 

There is also another possible way in which one can study 
the elastic and surface tension forces of the membrane of a cell. 
When a spherical cell, such as for example a sea-urchin egg, 
is placed in a hypotonic solution, the cell does not enlarge to the 

* It seems probable that 3% KCN is toxic. A. simpler procedure 
would have been to shake the eggs free from jelly, or to centrifuge them. 

7* 


CHAPTER VI 


100 

volume it would occupy if no elastic membrane were present. 
Thus if Arbacia eggs are placed in a solution of 75 % sea- water 
and 25 % distilled w r ater, we would expect that the volume of 
the cell would increase until the concentrations of electrolytes inside 
and outside were the same. In other words, we would expect the 
cell to increase in volume until the final volume would be to the 
original volume as 75 is to 25, or 4 to 3. Actually when a sea- 
urchin egg is placed in 75% sea-water, it does not become 1.33 
times as large, but only 1.28 times as large as it w T as before ex- 
posure to the hypotonic solution (unpublished experiments) * . The 
difference is due both to the elastic properties of the membrane 
and to surface tension forces. It is interesting to note that when 
a Cumingia egg is placed in a 75% solution of sea-water, it in- 
creases to only 1.25 times its original volume. This lesser increase 
is to be associated with the greater thickness and rigidity of the 
membrane surrounding the Cumingia egg. 

* In a study of the volume changes of spherical cells in hypo- 
tonic solutions, it is also possible, to some extent at least, to 
separate the effects due to surface tension and those due to 
elasticity or rigidity of the membrane. When a surface tension 
film is stretched, the force which tends to diminish its surface 
suffers no increase. On the other hand, when a rigid membrane 
is stretched, the force tending to decrease the surface becomes 
ever larger. If we place cells like sea-urchin eggs in* a series of 
hypotonic solutions of decreasing strength, as the cells increase 
more and more in volume there is no change in the surface tension 
force tending to prevent enlargement of the cell, but there is 
a very pronounced change in the force due to the elasticity of 
the rigid membrane surrounding the cell. When Arbacia cells 
are placed In 50 % sea-w^ater, the increase in volume of the egg 
is very much less than we would expect if the egg w r ere free from 
the constraint of a surrounding membrane. The surface tension 
effect is no greater for the 50 % solution than for the 75 % solution. 


* In making measurements of increase in volume of eggs in hypo- 
tonic solutions, too great a time must not be allowed to elapse before the 
measurement is made. As water enters the egg, it produces changes in the 
protoplasm which probably result in the freeing of electrolytes. It will be 
remembered that the sea-urchin egg contains a large excess of bound elec- 
trolytes (see p. 25). 
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Hence in proportion to the greatly increased pressure of the 
elastically stretched membrane, the surface tension force becomes 
negligible. We are thus in a position to make a direct study of 
the elastic properties of the rigid membrane surrounding the 
sea-urchin egg. 

We might for example study the changes in elasticity which 
the membrane undergoes when it is placed in contact with various 
regents, provided that these reagents have no very great effect 
on the permeability and hence on the osmotic forces acting on 
the membrane. Or it might be possible to determine the modulus 
of elasticity of the membrane. It is not a very difficult matter 
to derive an equation for the case of an elastic membrane stretched 
by a pressure pushing it out from within. Such an equation has 
indeed been published by Frahk ’10, and if one is willing to make 
certain assumptions regarding the osmotic forces acting on the 
membrane, one might perhaps use the equation to calculate ab- 
solute values for the modulus of elasticity. 

It must not be forgotten that as the volume of the cell in- 
creases, there is probably a release of some of the bound electro- 
lytes of the protoplasm. We have already seen that these are 
present in abundance (see p. 25). If bound electrolytes are set 
free as the cell enlarges, they would tend to make the cell expand 
even further and this would have the effect of making the elasticity 
values too low. There is also a difficulty owing to the pre- 
sence of granules within the protoplasm. It is possible that the 
granular volume does not increase at all when the eggs are 
placed in hypotonic solutions. If this were the case it would 
in itself account for the fact that sea-urchin eggs increase to 
only 1.28 times their original volume in 75% sea-water, but it 
would not account for the results obtained with 50% sea-water. 
The granular volume of eggs in different solutions can be roughly 
measured in centrifuged eggs, so that the influence of changes 
in granular volume can be determined. 

It is thus probable that in spite of difficulties of one sort 
or another, experiments with hypotonic solutions may furnish 
valuable information regarding the elastic properties of the cell 
membrane. Further investigation is therefore likely to yield 
results of considerable interest. 


CHAPTER VII 

THE ACTION OF TEMPERATURE 


For the most part, life is only possible within very narrow 
limits of heat and cold. The natural temperatures of our planet 
do not cover a very wide range, and yet many plants and animals 
are quite unable to withstand the extremes of the temperatures 
they are subjected to. Both in the tropics and in the artic regions, 
living organisms are very frequently killed by the heat or the 
cold of their ordinary environment, and even in the temperate 
zone, such heat or cold death is by no means uncommon. In 
many instances the distribution of animals and plants is governed 
by their ability to withstand high or low temperatures. A priori, 
it seems very likely that the action of heat and cold on protoplasm 
finds expression in colloidal changes. Experiment shows this 
prediction to be verified. 

But the action of temperature is not entirely lethal. Between 
the limits of heat and cold in which protoplasm can remain alive, 
there is a range of temperatures which can produce marked effects 
on the life and activity of the cell. Some of these effects are doubt- 
less due to a direct influence of the temperature on the rate of 
chemical reaction within the cell. Many authors have stressed 
this aspect of the subject, and some of them have completely 
neglected the physical effects which temperature change might 
have. From the standpoint of physical chemistry, it is evident 
that the rate of chemical reaction in a heterogeneous system is 
dependent on the physical properties of the various phases of 
the system, especially on the degree of dispersion, if the system 
be a colloidal one. It is thus of interest to inquire whether the 
ordinary temperatures of the environment can produce recognizable 
changes in the physical properties of protoplasm, and whether 
such changes if observable can be correlated with known diffe- 
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rences in the behavior of protoplasm at one temperature or 
another. 

There is however a more direct interest in the study of the 
action of temperature on protoplasm. The physical changes which 
occur in protoplasm as the temperature is raised or lowered may 
very well throw light on some of the fundamental properties of 
the living colloid. 

Of all the independent variables of the cell, temperature is 
perhaps easiest to control. If we change the chemical constituents 
of the enviroment, we have no certain knowledge of how far such 
a change is passed on to the cell interior. But when we place 
cells at a given temperature, we can feel certain that we know 
the temperature of the interior protoplasm. 

In discussing the action of temperature, we shall consider 
the following topics: 

1. The changes produced by moderate temperatures. 

2. The heat death of the cell. 

3. Death due to low temperatures. 

Most fluids undergo a progressive decrease in viscosity as 
the temperature is raised. That such a decrease in viscosity also 
occurs in protoplasm is indicated bv the results of Faure-Fre- 
miet T3. He measured the viscosity of the protoplasm of Ascaris 
megalocephala eggs by noting the length of time necessary for the 
displacement of mitochondria granules when the eggs were cen- 
trifuged. Faure - Fremiet ? s results are given in the following 
table. In this table the second column gives the time necessary 
to throw the mitochondria from one end of the cell to the other. 
Faure -Fremiet used a centrifugal speed of 2500 turns per minute, 
but the radius of turn is not given in his description of his experi- 
ments. 


Viscosity of Ascaris egg protoplasm at different tempe- 
ratures according to Faure -Fremiet T3 


| Time (i .e. relative viscosity) 


Temperature 


4 min. 
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Faure-Fremiet’s data show that the viscosity of A scans 
egg protoplasm is decreased four or five fold by a rise in tempe- 
rature of ten degrees. An older observation of Hogue HO also 
indicates a decrease in the viscosity of A scans egg protoplasm 
as the temperature is raised. She found that the Brownian move- 
ment of granules in centrifuged A scar is eggs is more rapid at 
higher temperatures. 

It should be noted that the optimal temperature for the 
development of Ascaris megalocephala eggs is 37° (see Bonfig ’25). 
Thus the temperatures studied by Faitre-Fremiet are all below 
that optimal or normal for development. If one compares the 
behavior of various types of protoplasm in relation to temperature, 
one often forgets that the optimal temperature is very different 
for different organisms. A temperature of 37° is normal for Ascaris , 
but sea-urchin eggs exposed to this temperature are killed in a 
minute or two. 

For the eggs of the annelid Nereis diversicolor , Pantin s 24 
also found that the viscosity of the protoplasm decreased as the 
temperature was raised. Pantin determined the viscosity by 
centrifuging the eggs. He made measurements at only four 
temperatures. The results are shown in the following table, in 
which the viscosity at 10° is taken as unity. 

Table II. Viscosity of protoxdasm of eggs of Nereis diversicolor 
at various temperatures (Pantin } 24) 


Temperature 

Relative viscosity 

— 0.7° 

1.95 • 

10.0° 

1.00 

20.0° 

0.71 

30.0° 

0.57 


Pantin’s results agree very well with the older results of 
F. and G. Weber ’17 for plant cells. These authors measured 
the viscosity of the starch sheath cells of the stem of Phaseolus 
multiflorus (a leguminous plant) at different temperatures. The 
viscosity was determined by measuring the speed of fall of starch 
grains through cells in sectioned slices of the stem. Apparently 
the experimental error was not great, for when a series of tests 
was made, the same value for the viscosity was always obtained. 
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It made no difference whether the protoplasm was heated to a 
given temperature or cooled to a given temperature, the viscosity 
value remained the same. This is an important point and one not 
considered by other authors who have studied the effects of 
temperature on protoplasmic viscosity. The results of F. and 
6. Weber are given below in tabular form. The time of fall 
is in seconds and is a measure of the viscosity. Comparisons of 
viscosity at various temperatures should only be made for a 
given cell, each row of figures represents the data for such a cell. 

Table III. Starch sheath cells- — Phase olus (F. and G. Weber) 


Temperature 


0° 

4° 

8° 

10° 

14° 

20° 

24° 

30° 

34° 

40° 

44° 

50° 

54° 

60° 

— 

— 

— 

8 

14 

— 

6 

11.5 

— 

10 

— 

— 

— 

— 

— - 



■,':A-.«: 

-A. 

-A-;-. 


-A; v 

— 

14 

— . 

11 

— 

8 

— 

■7. 

: AA' 

— 

— 

— 


— 

— . ■ 

6 

— 

5 

A- 

4 

— 

3.5 

A-* 

— 

A« 

— . 

20 

— 

16 

- ' — 

10 

— 

7 

, :;~A 

— 

— 

:AA3 

16 

14 

12 

11 

8 

— 

4 

v—v. 

— 

•— 

— 

— 

— 

AA : ." 

AA, 

:,AA'' 

20 

— 

12 

■ __ 

7 

6 

AA 

— 

— 

— . 


A 

, — 


32 

— 

18 

— 

14 


10 

; A* 

9 

j' ;;~-A 

,'-A 

. — 

— 

— 

— 

— 

13 

— 

10 * 

■ __ 

7 

A-';; 

6 

— 

1 A.". 

21 

— ' 

— - 

15 

— 

11 

— 

8 

— 

— 

• 



! — 



: 



12 



9 

— 

7 

! 

5 

— 

— 

— 

! — 

20 

j — - 

— 

15 

— 

10 

— 

7.5 

— 

6 

— 

— 

— 

j _ 

— 

; 9 

7 

6.5 

5 

— 

— - , 

— ■ j 

— 

— 

— 

— 

j 

— 

AA' 

— 

11 

10 

; 

8 

— 

7 

— 

6 

— 

5 


4.5 

— 

— 

— 

8.5 

, 

7 

— 

6 

— 

5 

— 

A- 

. 1 

— 

— 

— 

16 

— 

1 14 

— 

12 

— | 

9.5| 

— 

8 

— 

6.5 i 

— 


Average Q 10 

1.51 ! 1.41 | 1.37 | 1.27 | 1.20 | 1.14 


The last row of figures in the above table gives the Q 10 , that 
is to say, the ratio of the viscosity at a. given temperature to the 
viscosity at a temperature ten degrees higher. The values for 
this temperature coefficient decrease for higher temperatures. 
This is typical for water and watery solutions, and the Webers 
point out that the values for $ 10 obtained by them are very similar 
to the $ 10 values which have been found for protein solutions 
and for blood plasma. 
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In a later paper, Weber and a co-worker made another study 
of the effect of temperature on the protoplasmic viscosity of the 
starch sheath cells of Phaseolus multiflorus (Weber and Hoher- 
egger’23). In this work they studied only the action of low 
temperatures. In order to avoid any possible pathological effects 
due to sectioning, the stems were centrifuged whole, and were 
then sectioned just prior to examination. It was found that 
when the temperature was lowered to —2°, the viscosity increased 
at least fourfold and probably more. This viscosity increase 
occurred after an exposure of only a few minutes (5 minutes in 
one experiment) . When the plants were again brought to room 
temperature, the viscosity returned to its original value, so that 
the effect of cold was reversible. Weber and Hoheregger also 
used temperatures somewhat higher than — 2°. The highest 
temperature for which they give data is one of +£>°- For this 
temperature they record a viscosity increase, as compared with 
room temperature, of at least three fold. 

It is clear that the viscosity increases described by Weber 
and Hoheregger are somewhat greater than those previously 
found to occur in the cold by F. and G. Weber (see Table III.). 
Thus in two experiments, F. and G. Weber found the viscosity 
at 0° approximately twice as great as that at 20°, whereas Weber 
and Hoheregger found the viscosity to increase at least fourfold 
when the plants were cooled to about 0°. Perhaps, as Weber 
and Hoheregger suggest, there may be an error involved in 
sectioning the plants, as w r as done by F. and G. Weber (see 
also p. 43). 

Faiire-Fremiet, F. and G. Weber 1 , and Partin have all 
obtained results which indicate that the protoplasmic viscosity 
in the cells studied by them decreases regularly as the temperature 
is raised. That this is not the case in all cells was shown by Hbil- 
brurr 5 20. He found that in Arbacia eggs the viscosity was lower 
in the neighborhood of the freezing point than at room, tempe- 
ratures. In his description of his experiments, Heilbrtjnr records 
the temperature as — 3°. Probably it v~as not as low as this, 
for he measured the temperature of the freezing mixture sur- 
rounding the tube containing the eggs, and not the temperature 
of the fluid immediately in contact with the eggs. This may in- 
volve an error, and from subsequent tests it seems certain that the 
temperature of Heilbrurr’s experiments was not as low as — 3°. 
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In 1922, with the* aid of his magnetic method, Heilbronn 
determined the viscosity of the protoplasm of the slime mold 
Reticularia at different temperatures. Heilbrokst’s data appear 
to be very accurate, but his figures are given in terms of a relative 
measurement which varies from experiment to experiment. For 
the convenience of the reader, Heilbrokn’s figures have been 
recalculated, and in the following table they are given in percents 
of the value at 16° — 17.5° C. 

Table IV, Slime mold plasmodia on glass (Heilbkonx ’22) 


Temperature 

Relative viscosity 

12° 

93.3% 

16—17.5° 

100 % 

26° 

84.3% 

33° 

72.2% 

35° 

Variable, from 63.3 


to 214% 

40° 

More than 333%, 


no longer measurable 


In Table IV., the value at 12° is the average of three tests, 
that at 26°, the average of five tests. Heilbronn interprets 
the variable value at 35° as indicating that the protoplasm is 
injured and has become separated into phases of high and low 
viscosity. If the measurements were made in different regions, 
as Heilbronn’s explanation indicates, it seems just as logical 
to assume that some parts of the protoplasm coagulate more 
quickly than others. Whether we accept this interpretation 
or not, it is obvious that the viscosity of the protoplasm drops 
to a minimum value before coagulation occurs. This is apparently 
typical for various types of protoplasm. In Table IV. it is to 
be particularly noted that the viscosity of the protoplasm goes 
through a maximum at 16 — 17.5°, and it is lower both above 
and below this tenperature. 

The measurements of Heilbronn recorded in Table IV. 
were made on slime mold plasmodia which were resting directly 
on a glass surface. As pointed out previously (see p. 62), the 
viscosity of slime mold protoplasm is less when the plasmodia 
are placed on moist filter paper. For such slime molds on moist 
filter paper, the viscosity varies hardly at all for different tempe- 
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ratures. Thus Heilbroot placed pieces of Eeticularia on moist 
filter paper and warmed them to various temperatures. After 
an hour in contact with moisture at a given temperature, the 
viscosity was measured with the magnetic method. The results 
are given in the following table, in which the original scale of 
Heilbronn is retained. 


Table Y. 

Slime mold plasmodia on moist filter paper (Hetlbronx *22) 


Viscosity on glass 
at .room temperature 

Temperature of 
the experiment 

Viscosity on moist filter 
paper after an hour 

3.7 

12° 

3.0 

3.3 

12° 

2.9 

3.5 

17° 

• 2.4" 

3.5 

UrAA;' ■ 17° 

2.5 

3.5 

17° 

2.5 

3.3 

27° 

2.5 

3.6 

27° 

2.4 

A AA- 3.5. 

27° 

2.5 

3.6 AA>' 

30° 

2.4 

3.6 

30° 

2.4 


Within the limits of experimental error, the viscosity of the 
plasmodia saturated with water remains constant from 17° to 
30°. Apparently below 17° there is an increase in viscosity, instead 
of a decrease as jjreviously recorded for plasmodia on glass. 
But there is also another possible interpretation of this lower 
viscosity at 12°. When plasmodia are placed on moist filter 
paper, their viscosity decreases slowly. In the only three experi- 
ments cited by Heilbronk, the time required for the viscosity 
to reach a constant low value was 30 minutes in one case, and 
an hour, and an hour and ten minutes in the other two cases. 
It seems likely that at lower temperatures a longer time is required 
for equilibrium. In view of the fact that the above experiments 
were all made at the expiration of an hour, it is quite possible 
that at 12° enough time had not elapsed for the protoplasmic 
viscosity to have reached its final minimal value. The fact that 
the viscosity remains constant between 17° and 30° is surely 
difficult to understand. 

It has been shown that for Arbacia eggs and for Eeticularia 
plasmodia on glass the viscosity may decrease as the temperature 
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is lowered. The same phenomenon occurs in the egg of the clam 
Gumingia . For the protoplasm of this egg, Hbilbrunn ’24 was 
able to plot a fairly complete temperature- viscosity curve. This 



Fig. 3. Temperature — viscosity curve (Heilbkunn ’24a). 

curve is shown in Fig. 3. The abscissae are degrees Centigrade, 
the ordinates relative viscosity units. The viscosity was deter- 
mined by centrifuging the eggs. In order to obtain greater pre- 
cision, the eggs were centrifuged relatively slowly. The centri- 
fugal force used was 311 times gravity. The ordinates in the 
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curve represent the number of seconds required to form the zones 
typical for the Cumingia egg, (see Fig. 1, p. 45). Tor each point 
on the curve a number of tests had to be made, for of course 
the eggs could not be examined while they were being centri- 
fuged. “Thus at 23° it was shown that 17 turns of the centrifuge 
(for 68 seconds) did not produce zones in the egg, whereas 18 
turns (72 seconds) did produce zones. The viscosity was there- 
fore given as 72, for the limits of accuracy of the method did 
not make it advisable to differentiate any closer than this.” 
The centrifuging was done at room temperatures, and this intro- 
duces an error, especially when the viscosity is high, and when 
the temperature of the experiment differs markedly from that 
of the room. For this reason the determinations at 0° and 31° 
are not to be regarded as very exact. They are rather to be thought 
of as minima, although other experiments at higher centrifugal 
speeds showed that the tests at the low temperature are not 
very far wrong. 

* The viscosity of the protoplasm of the Cumingia egg goes 
through a maximum at about 15°. This is essentially the same 
result that was obtained by Heilbronn for slime mold plasmodia 
on glass. It is noteworthy also that in addition to the sharp 
viscosity increase that occurs at 31°, there is also a sudden vis- 
cosity increase at 1° above the freezing point. In both cases, 
when either the temperature is raised or lowered, there is a mi- 
nimum in viscosity just before the marked increase in viscosity 
takes place. 

prom what has gone before, it seems apparent that theie 
are two types of temperature-viscosity curves which may be 
obtained for protoplasm. Some cells show a maximum viscosity 
at around .15°, whereas in other cells the viscosity decreases 
progressively as the temperature is raised. That there are really 
two types of curves is not absolutely certain, for Fatjre-I remiet s 
results were all obtained at temperatures below the optimum, 
Pantin’s data for the Nereis egg are too few^, his four measure- 
ments might almost be superimposed on the curve for the Cu- 
mingia egg, and finally the Webers worked with sectioned 
tissues and their results were not exactly confirmed, by Weber 
and Hohenegger on intact plants of the same species. Never- 
theless, it does seem likely that the behavior of protoplasm toward 
temperature does show differences for different types of material. 
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The protoplasm of the egg of Nereis is highly viscous (at any 
rate this is true for the form of Nereis, found at Woods Bole), 
whereas the protoplasm of the Cumingia egg is relatively very 
fluid. One would hardly expect them to show the same behavior 
toward temperature change. 

It might be expected that if some types of protoplasm show 
a maximum in viscosity at 15°, that this would be reflected in 
the relation which some biological processes show to temperature. 
There are at least several examples in the literature in which 
processes of one sort or another have shown a maximum or mi- 
nimum at around 15°. Thus for example Plough ’17 found a 
maximum in crossingover in Drosophila at 13°, van Dellewijn 
and Jacob ’24 found a maximal response of the pedal muscles 
of the snail Helix at 21°, and Pereira ’24 describes a maximum 
in the irritability of frog muscle at about the same temperature. 
Moreover it has been known for a long time that the temperature 
coefficient of various biological processes may go through a sharp 
change at about 15°. Many instances of such a change are recorded 
in Kanitz ’15 (see also Crozier ’24). 

Numerous authors have studied the effect of temperature 
on protoplasmic streaming. Generally the rate of flow decreases 
steadily as the temperature is raised. Naegeli found the increase 
in speed to follow a geometrical progression, that is to say a loga- 
rithmic curve is obtained if his results are plotted. On the other 
hand 'Velten ’76 a found an arithmetic progression and his results 
when plotted fall along a straight line. Later investigators have 
tended to confirm Velten, rather than Naegelt, Fig. 4 shows 
the curve plotted by Lambers ’25 for a cell of Nitella mncronata . 
The curve is particularly interesting, because it shows that the 
order of the observations, as indicated by the numbers on the 
curve, makes no difference. That is to say, the same value is 
obtained when the protoplasm is heated or cooled to a given 
temperature. In no case is it possible to say definitely that 
increased speed of protoplasmic streaming is due solely to vis- 
cosity change, but the results of Lambers suggest that the proto- 
plasm of Nitella undergoes a progressive decrease in viscosity 
as the temperature is raised. This is the view favored by Lambers. 
Ewart ’03 (p. 61) thinks that both viscosity change and a change 
in the motive force play a role in the increased speed of streaming 
at higher temperatures. He points out that whereas viscosity 
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typically decreases less and less for each degree rise in temperature, 
the increments of streaming velocity “progressively increase 
between 10° and 30°”. Such a progressive increase in the increment 
of streaming velocity might be due to the fact that the viscosity- 
temperature relation is of the type shown in Fig. 3, that is to 
say that there is a maximum in viscosity at around 15 or 20°. 
If this were the case, and if we assume further that the propelling 
force increases uniformity as the temperature is raised, it would 
obviously follow that at lower temperatures there would be a 



Fig. 4. Speed of protoplasmic streaming in a cell of Nitella at different 
temperatures (after Lambers 5 25) 


.smaller increment in streaming velocity than at higher tempe- 
ratures. 

In favor of the opinion that the action of temperature on 
the rate of streaming is primarily on the propelling force, are 
the oldest experiments on the effect of temperature on streaming, 
those of Dxjtrochet ’37. It may be interesting to quote Dtr- 
t rochet’s words: 

“La circulation existe chez la chara flexilis a la temperature 
de la glace fondante, mais elle est lente. En echauffant lentement 
Lean dans laquelle la plant© est plongee, la circulation s’aceelere 
graduellement; elle devient extremement rapide a + 18 degres 
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cent. La chaleur de Feau etant portee lentement a + 27 degres, 
la circulation devient extremement lente; elle augmente ensuite 
pen a pen de vitesse sous F influence continuee de cette meme 
temperature de + 27 degres cent. ; et au bout de deux heures 
elle est de venue d’une grande rapidite.” 

According to these observations, the rate of streaming first 
decreases as the temperature is raised from 18° to 27°, and only 
after some time has elapsed does it become swift. We would 
expect that the effect of temperature on protoplasmic viscosity 
would be quick. If this w T ere the case, Littrochet’s results 
would, indicate a decrease in protoplasmic viscosity as the tem- 
perature was raised from 18° to 27°. The increase in the rate 
of streaming that followed long exposure to the higher tem- 
perature would then be due to a response of the plant which 
involved an increase in the force which caused the streaming. 
But of course this is purely theoretical, and as a matter of fact 
Dutrochet’s results do not seem to be in accord with the results 
of later experimenters (see for example Ewart ’03, p. 63). 

Why certain types of protoplasm should show a maximum 
in viscosity at 15° is an interesting problem from a physical 
standpoint. Various theoretical possibilities have been thought 
of, but it seems best to leave the question open. 

It is a remarkable fact that the protoplasm of most animals 
and plants is killed, by temperatures only a few degrees above 
that of the natural environment. Often enough organisms in 
nature are destroyed by a slight increase in the temperature of 
their surroundings. Davenport 5 97 gives a list of the temperatures 
which produce death in various animals and plants. This list 
is far from complete, and some of the observations on which 
it is based are not reliable. It seems safe to say that animals 
generally die at temperatures between 30 and 45 degrees and that 
plants die at temperatures between 40 and 50 degrees. There 
are of course quite a few exceptions. Fishes in temperate latitudes 
usually die at about 25°. Some animals die at even lower tempe- 
ratures. Thus Bratjer ’77 found the death point of two Phyllo- 
pods to be 18° and 19° respectively. Pfeffer 5 04 (see voL 2, 
p. 294) states that some plants die at temperatures as low as 20°. 
The alga Hy drums foetidus dies at 16° (Klees 5 96). 

There are also exceptional eases in which organisms can 
live at much higher temperatures. The optimum temperature 
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for thermophile bacteria is 60 — 70° C. and they are only killed 
by temperatures above 75° (see Pfeffer p. 87, and literature 
p. 96). There are also records of animal and plant life in hot 
springs, although these records should be regarded with caution, 
for the temperature varies greatly in different parts of a hot 
spring. An organism may have spent most of its life in a relatively 
cool part of a hot spring and may then have been displaced into 
a warmer part just before the observations were made (Pfeffer). 

If they are able to exist in a dry state, various organisms 
are able to withstand temperatures far above those which are 
normally fatal. This has been known since the time of Spallan- 
zani. Seeds, mosses, lichens, fungus spores, and bacteria when 
dried are often capable of continuing their existence after an 
exposure of an hour or hours to temperatures of 100° or even 
120° (for the older literature see Pfeffer 5 04, p, 293). A few 
forms of animal life can also be dried and these too can resist 
high temperatures when water is absent. Thus Rahm ’22 found 
that rotifers and tardigrades when dried could withstand tem- 
peratures up to 150 °. Not only is it true that certain animals 
and plants in a dry state can suffer exposure to higher tempe- 
ratures, but there is also evidence that those organisms and tissues 
which can not stand drying also become increasingly resistant 
to heat as their water content is diminished. This is a. point which 
will be considered in greater detail later. 

The cause of heat death in animals and plants has frequently 
interested zoologists and botanists. In our discussion we shall 
consider only the typical case in which the organism dies at a 
moderate temperature. The few rare instances in which plants 
or bacteria can exist at relatively very high temperatures would 
require special treatment and special study. Nor is the capacity 
of dried organisms to resist high temperatures a general attribute 
of protoplasm; the organisms which can be almost completely 
freed from water are hardly in a living state when they are tho- 
roughly dry. 

The most obvious explanation of heat death, and the one 
most often proposed, is that the proteins of the living cell become 
coagulated by heat in the same manner that egg albumin becomes 
coagulated when it is heated in a test tube. Actually there is 
very little experimental evidence in support of this assumption. 
Brodie and Richardson 5 99 isolated various proteins from muscle 
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and claimed that the temperatures at which these proteins coa- 
gulated also produced definite shortening in the intact muscle. 
Later, Brodie and' Hallibtjrtok *04 obtained similar results 
for nerve. The work of these authors hardly affects our main 
problem. For the most part, they were interested in temperatures 
well above those which kill the tissues in question, and whether 
or not heat coagulation of proteins occurs in cells already killed 
by heat is a question of secondary importance. Moreover the 
above-mentioned work of Beodie and his collaborators has been 
sharply criticized by Meigs ’09, who has cast grave doubt both 
as to the accuracy of their experimental results and the logic 
of their interpretation. Among botanists, Lepeschkin has con- 
sistently regarded the heat death of protoplasm as primarily 
due to a heat coagulation of the cell proteins (see Lepeschkie ’10, 
’ll, 12, ’23). 

The authors we have cited above, and many others as well, 
believe that the heat death of the cell is directly due to a coagu- 
lation of proteins. Of course no one doubts that when a cell is 
killed either by heat or by some other agency, its proteins are typi- 
cally coagulated. The question is whether, in death at higher 
temperatures, the direct effect of the heat on the proteins is the 
primary factor. Ordinarily proteins are not coagulated by the 
temperatures which cause death in animals and plants. For this 
reason, various authors have suggested other possible explanations 
for the action of heat on protoplasm. Wietebsteie ’05 proposed 
the view that heat caused death by asphyxiation. Mx^yer 17 
suggested that the heat produced an accumulation of acid. Neither 
of these authors has offered very direct evidence in support of 
his theory. 

It is certain that when protoplasm is subjected to tempera- 
tures just warm enough to cause death, it suffers a gelation or 
coagulation. Sachs ’64- described a “Warmestarre des Proto- 
plasma”, which he deduced from the cessation of protoplasmic 
streaming. De Ybies ’71 describes the formation of new granules 
in heat-treated plant tissues, and this is good evidence of coagu- 
lation. The same phenomenon is noted by Lepeschkin ’23 for 
Sfirogyra cells. With the centrifuge it is possible to show that 
a great increase in viscosity when ceils are subjected to tempera- 
tures just high enough to cause death. This has already been 
indicated on the temperature-viscosity curve for the protoplasm 
' .. . 8 * 
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of tlie Gumingia egg (Fig. 3). Heilbronn 5 22 found a similar 
sharp increase in viscosity for the protoplasm of slime molds. 
The coagulation or increased viscosity produced by warmth 
precedes death. Sachs states that the “Warmestarre” is reversible 
if the heat treatment is not too prolonged. Lepeschkxh also 
finds a certain degree of reversibility. In his study of the heat 
coagulation of plasmolyzed Spirogyra cells (’23), he divides the 
process into four stages. The first stage is an invisible one which 
involves an increase in permeability, the second stage involves 
a visible change in the surface layers of the protoplasm. Many 
new granules appear, and the protoplasm no longer tends to 
present a regular smooth rounded surface. The third stage in- 
volves a complete coagulation of chloroplasts, and the fourth 
a complete coagulation of the protoplasm*. If one interrupts 
the heat coagulation after the second stage, and returns the 
alga to room temperature, the granulation produced by the 
high temperature disappears gradually, and there is no lasting 
injury. Finally, in marine eggs it can be shown that the coagu- 
lation caused by heat occurs before death and is reversible. Thus 
in one experiment when Arbacia eggs were kept at a temperature 
of 32.3° for 20 minutes, the protoplasmic viscosity increased 
greatly, but it returned again to its normal value following removal 
of the eggs to sea- water at room temperature (see Heilbrtjnn J 24b). 

Thus in many types of living cells, heat produces first a 
coagulation and then death. In marine eggs, the coagulation 
produced by heat precedes any visible death changes, and is 
very probably the direct cause of death. 

Is the heat coagulation of living cells simply a protein heat 
coagulation? Some facts speak in favor of this view. If one 
plots a curve for the time it takes for the protoplasm to coagulate 
at different temperatures, the general shape of the curve is very 
similar to that found for inanimate proteins. Fig. 5 shows the 
coagulation time at different temperatures of Arbacia and Gu- 
mingia egg protoplasm. The time of coagulation was determined 
by making centrifuge tests at frequent intervals. If one compares 
the curves in Fig. 5 with the curve obtained by Bxjglia** for 


* In his 1910 paper, Lepeschkin states that the chloroplasts coagu- 
late before there is a coagulation in the surface layers of the protoplasm. 

** Buglia 1909, Koiloid-Zeifcschr., vol. 5, p. 291. 
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the heat coagulation of serum albumin, the resemblance is obvious. 
Moreover both in protein heat coagulation and in the heat coa- 



TEMPEHATURE 

Fig 5. Heat coagulation time at different temperatures (Heilbrunn *24 b). 

gulation of protoplasm, the temperature coefficient is of the 
same order of magnitude. Chick and Martin* found that the 

* Chick and Martin 1910, Journ. of Physiol, vol 40, p. 404. 
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temperature coefficient of the rate of coagulation per degree 
of temperature was 1.3 for hemoglobin and 1.91 for egg albumin. 
If one examines the curves in Fig. 5, it is easy to see that for 
each, degree rise in temperature, the increase in rate of coagulation 
(decrease in time) is generally between these two numbers. 

For the temperature coefficient of heat death in plants 
and animals, similar high values have been obtained. The tempe- 
rature coefficient for 10 degrees, i. e. the Q 10 , is 13.8 for hemo- 
globin and about 635 for egg albumin. (Hollander ’24 finds 
the Q 10 for heath death in cells of the following plants: Trade- 
scantia discolor , Beta vulgaris, Brassica oleracea, Elodea densa, 
DraparnaUia glomerata, Pisum sativum, to be 26, 71, 80, 31, 
43 118. Colxander also cites older authors who have found 
similar Values for the <3 10 , and he justly discards the somewhat 
lower values of Lepeschkik T3 as being due to faulty technique. 
In animal cells, high values for the Q 10 of heat death have also 
been found. These range from 240 to 1000, (see Kanitz 15). 

In spite of the similarity of the temperature coefficient, 
th ere are serious objections to the view that the heat coagulation 
of protoplasm is due to a direct effect on the proteins. The pro- 
toplasm of marine eggs is coagulated by temperatures of 30 to 
35°, and as has already been shown, heat death may occur at- 
even lower temperatures. That proteins undergo heat coagulation 
at temperatures as low as 30 or 35° is extremely doubtful. It 
is true that in the literature there are one or two descriptions 
of heat coagulation at these temperatures*, but these obser- 
vations were made on tissue extracts and in these extracts salts 
and other chemical compounds probably play a larger part in 
the coagulation than does the temperature. In pure preparations 
of proteins, heat coagulation occurs typically at temperatures 

above 50°. 

In the second place, heat coagulation of protoplasm, as it 
occurs in marine eggs, differs from the heat coagulation of pure 
proteins in that it is reversible**. For a time at least following 

* von Forth 1895, Arch. f. exp. Path. u. Pharm., vol. 36, p. 231; 
pom. 1905, Hofmeisters Beitrage, vol. 7, p. 381. 

** Although it is true that under ordinary conditions the heat 
coagulation of proteins is irreversible, under certain special conditions, 
it may be reversible. Thus if the heat coagulated protein is boiled in the 
presence of certain electrolytes, it may go into solution again, see Wit- 
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the heat coagulation of the protoplasm in Arhacia and Chmiingia 
eggs, the protoplasm becomes fluid again on return to normal 
temperatures. In these marine eggs, actual reversal of coagulation 
is certain. It seems probable that the return of protoplasmic 
streaming in plant cells heated to the point where movement 
ceases and then returned to normal temperature, is also an indi- 
cation of reversible coagulation (see Sachs ’64). So too we would 
interpret the reversal of heat rigor in frog muscle, as described 
by Pickford ’51, Gottschlich ’93. We conclude therefore that 
the heat coagulation of protoplasm is essentially different from 
the heat coagulation of proteins in that it is reversible, w T hereas 
protein coagulation is irreversible when the proteins are returned 
to room temperature. 

The evidence that protein heat coagulation and the heat 
coagulation of protoplasm have similar temperature coefficients 
is no proof that the two processes are fundamentally similar. 
Many other physical processes also have very high temperature 
coefficients, for example melting or solution. There is thus no good 
argument in favor of a direct protein effect as a cause of heat 
death, and there is much evidence against this interpretation. 

What other types of explanation are possible ? In a later 
chapter (chap. 12), it will be shown that fat solvents generally 
cause a coagulation of protoplasm when present in sufficient 
concentration. Thus a dilute solution of ether always produces 
a decrease in viscosity, but with an increase in concentration 
of the ether, there is a sudden coagulation. What more natural 
than to assume that warmth has an effect similar to that of 
ether? High temperatures tend both to dissolve fats and to 
liquefy them. And as the temperature is raised, there is first 
a decrease in protoplasmic viscosity, and then a coagulation, 
just as is the ease when the concentration of ether is increased. 

We know moreover that fats may be profoundly modified 
by the very temperatures which cause" heat death in protoplasm. 
Indeed, it is possible to show that the fats or lipoids of living 
cells are actually affected by the temperatures which cause death. 
When sea-urchin eggs are treated with temperatures just high 
enough to cause a slow death, even before coagulation takes 


heim 1927, Riochem. Zeitschr., vol. 180, p. 231. This does not affect our 
argument. 
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place the eggs when centrifuged show a marked alteration in 
the appearance of the fatty materials. Ordinarily these are com- 
pressed into a very small cap at one pole, but in heat treated 
eggs the fat particles occupy a much larger zone, and with longer 
heat treatment they disappear completely (Heilbrunn ’24b). 
Apparently the fat particles are dissolved at these lethal tempe- 
ratures. According to Hqrstaditts ’23, the lipoids in the proto- 
plasm of the eggs of the annelid Pomatoceros undergo visible 
changes at a temperature of 40°. 

if the heat coagulation of protoplasm is really initiated by 
a solution or liquefaction of lipoids, then fat solvents should 
hasten the process. This was actually found to be the case. In 
Arbacia eggs exposed to a temperature of 32°, Heilbrunn ’24b 
found that 1 — 1 V 2 % ether decreased the time necessary for 
coagulation from 24 to 12 minutes. Such low concentrations of 
ether have a liquefying effect at room temperature, but at 32° 
they hasten the coagulation of the protoplasm. The action of 
acids in depressing the heat coagulation temperature of plant 
cells (Kaho ’26b) may also involve fats. 

Concerning the mechanism of the heat coagulation of proto- 
plasm, we shall have more to say later. It will be shown in a 
subsequent chapter (chap. 14), that all agents which dissolve 
fats produce a characteristic coagulative reaction in the proto- 
plasm. The solution of fats is only the first of a complicated 
series of reactions. 

If we accept the view that the heat coagulation of protoplasm 
depends primarily on an alteration of the fats oi lipoids of the 
cell, it is easy to understand why an increase in water content 
would favor heat death and a decrease in water concentration 
would retard it. The higher the percentage of water in the cell, 
the more readily would fats and lipoids tend to dissolve. For 
Hansteen-Cranner ’22 has shown that distilled water can 
cause a solution of protoplasmic lipoids in various plant tissues. 
In sea-urchin eggs it is possible to show from a study of centri- 
fuged eggs that distilled water causes a solution of the lipoids 
of the cell. 

Various authors have shown that with a decrease in the 
water content of the cell, there is an increased resistance to heat. 
Sachs ’64 found that in air, plants were able to withstand higher 
temperatures than in water. However in Sachs’ experiment it 
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is probable that the plants in the water actually reached a higher 
temperature than those in the air. A more dependable experiment 
is that of De Vries ’71. He found that when various types of 
plant tissues were placed in 10 % sodium chloride solution, 
they were able to resist higher temperatures than control tissues 
in water. Similar results were obtained by Vernon ’99 on frog 
muscle. He found that in hypotonic solutions heat rigor of the 
muscle occurred at lower, whereas in hypertonic solutions it 
occurred at higher temperatures than when the muscle was heated 
in isotonic solutions. The results of. Weber ’26 also indicate 
that the heat resistance of stoma guard cells of various plants 
varies with the amount of water they contain. The higher the 
water content, the lower the heat resistance. 

Considerable evidence has been presented for the view' that 
heat death involves a solution or liquefaction of fats or lipoids. 
It might therefore be expected that animals and plants which 
suffer heat death at relatively low temperatures would have in 
their cells fats of relatively low melting point. In 1924, Heil- 
brtjnn ’24 b attempted to show that this was the case. He pointed 
out that fishes have fats which are typically fluid at room tempe- 
rature, whereas mammals and birds have fats which are commonly 
solid, and he suggested a correlation between this fact and the 
fact that fishes die at much lower temperatures than do the warm 
blooded animals. Heilbrunn also quoted Czapek 5 13 — ’21 to 
show that the oils of tropical seeds have higher melting points 
than those of temperate climates. This is apparently a very 
general truth. Thus palm oil, cocoanut oil, cocoa butter are much 
more saturated and have higher melting points than linseed 
oil and other oils of plants which grow in temperate climates. 

When Heiebrunn’s paper was published it was very diffi- 
cult to obtain data regarding the melting points of the fats found 
in the tissues of lower animals, for in general these fats have 
no commercial importance. The whole subject has been put 
on a much surer basis by the recent paper of Terroine, Bonnet, 
Kopp and Vechot’27. These authors published many deter- 
minations of the iodine number of the fats found in the organs 
of lower animals. Their results show clearly that in cold blooded 
animals the fats have a higher iodine number and are thus more 
fluid than those of warm blooded animals. But when cold blooded 
animals are accustomed to living at relatively high temperatures, 
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they have fats of higher melting point. Terrgine, Bonnet, Kopp 
and Yechot report experiments in which they grew a fungus, 
Bterigmatocystis nigra (= Aspergillus niger) and a bacillus, “bacille 
de la Fleole”, at high and low temperatures. At the higher tem- 
peratures, the fats had a much lower iodine number, that is to 
say a higher melting point. Terroxne and his co-workers also 
refer to the experiments of Henriqtjes and Hansen ’01, in which 
it was shown that the cutaneous fat of pigs reared in the cold 
had a markedly lower melting point than the euteaneous fat of 
pigs reared at warmer temperatures. Moreover it is a well known 
fact that the fat in the interior of the body in mammals has a 
higher melting point than the subcutaneous fat, and this is to 
be associated with the higher temperature of the interior (see 
Henriqtjes and Hansen ’01). 

Leatkes and Rater (p. 119)* believe that the fats are 
formed in living systems by a series of reactions in which the 
terminal points vary according to the temperature of the medium. 
At higher temperatures more saturated fats would be produced. 
These would have a higher melting point. 

If in organisms the fats of the cells obey this rule, that is 
to say if fats of higher melting point are produced when animals 
and plants live at higher temperatures; and if, as we have reason 
to believe, heat death depends on the liquefaction of fats, we 
have an excellent interpretation of the acclimatization of living 
organisms to higher temperatures. 

Organisms are killed by cold as well as by heat. With the 
exception of some bacteria which can resist temperatures close 
to the absolute zero, animals and plants generally, when in an 
active state, are killed by temperatures in the neighborhood of 
the freezing point of water. In the discussion of heat death it 
was pointed out that those forms of life which could exist in a 
dried state w r ere far more resistant to heat when water was re- 
moved from them. So too seeds, mosses, rotifers, etc., when in 
a quiescent dry condition, can withstand much lower temperatures 
than when w'ater is present. Rahm ’21 found that dried tardi- 
grades, nematodes, and rotifers w^ere not killed by a temperature 
of— 271.8° 0. 

If we exclude the above-mentioned cases of unusual resistance 
to cold, there are in the main two types of phenomena which 


* Leathes and Raper, The Fats, London and New York 1925. 
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we shall have to consider. Some animals and plants die at tempe- 
ratures above zero Centrigrade. Others die only when their tem- 
perature falls below zero. Warm blooded animals, mammals 
for example, die when the body temperature falls to about 15° C. 
Whether death in these animals is due to a direct effect on the 
protoplasm of the cells is very doubtful. Tropical plants die at 
temperatures above zero. Sachs ’64 cites various observations 
of this sort, but these are not very trustworthy. Often the tem- 
perature of a plant is below that of its environment, due to the 
cooling effect of evaporation from its surface. In the experiments 
of Molisch ’97, any possibility of error of this sort is excluded. 
It is certain, therefore, that some plants do actually die at tem- 
peratures above zero Centrigrade. 

It was shown previously that in the Cumingia egg a marked 
increase in viscosity occurred at one degree above freezing. It 
is quite possible that such a coagulative effect would be an im- 
portant factor in causing the death of cells at temperatures just 
above the freezing point of water. Mammalian muscle contracts 
on cooling to 5°C. (BoTTAZZi’25b). There is thus a cold rigor as 
well as a heat rigor of muscle. In the Cumingia egg, the coagulation 
due to cold is reversible, just as is the heat coagulation. But 
it is not at all improbable that after a lengthy exposure to 1° C., 
the protoplasm may be permanently injured. Concerning the 
reasons for a sudden increase in viscosity at temperatures just 
above the freezing point, we have at present no real information. 
A few scattered observations indicate that in this case too theie 
may be a change in the physical properties of the lipoids of the 
cell. In Cumingia eggs centrifuged at 1°C., the lipoid particles 
present a very characteristic appearance, quite different from 
that found in similar cells at normal temperatures. 

Most animals and plants are killed by the cold only when 
their temperature drops below the freezing point of v r ater. Owing 
to various economic phases of the subject, there have been many 
more studies of the cold death of plants than of animals. In 
temperate or cold climates, the death of plants as a result of 
exposure to cold is an important agricultural problem. 

The older literature on the effect of freezing temperatures 
on plants has been well summarized by Pfbiter ’04. Tor later 
' summaries, see o Chandler T3, Rosa ’21, Newton '22, Doyle 
and Clinch ’26, Akerman ’27. Generally speaking, death in plant 
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cells depends on the formation of ice crystals. At one and the same 
temperature, death occurs if crystals of ice are formed, whereas if 
no crystals appear, the cells live on (see Peeefer, also Kyle* 5 17). 
The crystals may be formed either within the cells or outside of 
them. Concerning the cause of death, the leading theory is that of 
Mxtller-Thtjrg-atj ’80, ’86. This author holds that as ice forms, 
the salt concentration of the rest of the protoplasm increases 
until the death point is reached, Muller-Thtjrgatt’s theory 
is supported by Molisch ’97 and by Maximow H4. However, 
the latter author believes that in addition to the salt effect follow- 
ing ice formation, there is also a mechanical effect of the ice crystals 
on the colloids of the protoplasm. If the Muller-Thttrgatj 
theory is correct, then cold death at freezing temperatures is 
really a special case of the toxic action of high concentrations 
of salt in the cell. 

Matritchot and Molliard ’02 and Zacharowa ’26 have 
described the formation of numerous vacuoles in cells killed by 
cold. These vacuoles appear both in cytoplasm and nucleus. 
They may owe their origin to the formation of ice crystals, or 
perhaps they are the result of increased salt content. As will 
be shown later, the appearance of vacuoles is a logical result of 
the increase in the concentration of salts in a cell (see p. 249). 


CHAPTER VIII 


THE ACTION OF VARIOUS PHYSICAL FACTORS 
OTHER THAN TEMPERATURE 

Not only is protoplasm sensitive to changes in temperature, 
it is also sensitive to other physical factors of its environment. 
In the present chapter we shall endeavor to show how the proto- 
plasmic colloid is affected by physical forces and agencies of one 
sort or another. 

It is not always easy to separate physical factors from, che- 
mical. When a cell is treated chemically, such treatment may 
involve physical effects, a change in surface tension for example, 
or a difference in the osmotic pressure on the cell membrane. 
So, too, physical agencies may act primarily by the initiation 
of chemical reactions. It is impossible to draw any sharp line. 
Eor the purposes of classification, we will consider as a physical 
factor anything that starts as such. 

We shall discuss the action of the following; 

1. Mechanical factors. 

2. Electric currents. 

3. Light. 

. 4. X-rays. 

5. Beta and gamma rays of radium. 

Biologists have studied the effects of pressure on protoplasm 
and the effects of wounding. Practically all of the work has been 
done by botanists. Since the time of Dutbochet ’37, it has been 
known that mechanical pressure exerted on a plant cell can cause 
the cessation of protoplasmic streaming. This observation has 
been repeated by various observers. A relatively recent paper 
which deals with the subject is that of Latxtebbach 5 2i. Re- 
ferences to the older literature may be found there. Lauteb- 
bach observed that in younger cells and at higher temperatures 
less pressure was necessary to cause cessation of movement. 
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She found also that the response to pressure, that is to say the 
stoppage of movement, travelled from cell to cell. All these facts 
were known to Ewart *03. When streaming protoplasm is sub- 
jected to pressure, it is probable, but of course not certain, that 
the cessation of movement is due to a coagulation or a sharp 
viscosity increase in the protoplasm. 

In 1910, Lepeschken described what he called a mechanical 
coagulation of the protoplasm of Spirogyra, Filaments of Spiro- 
gyra were placed under a cover slip and distorted several times 
by pressure from above. Following this treatment, according to, 
Lepeschkin, the outer protoplasmic layer coagulated and the 
inner protoplasm broke up into a number of balls. Sometimes 
the cells burst and the balls passed out into the surrounding 
medium. After half an hour, all the balls were coagulated too. 
Lepescjhkin’s criterion of coagulation is wholly a morphological 
one, and depends in the main on the appearance of new granules. 

Many authors describe the appearance of vacuoles following 
mechanical injury. Thus Heilbronr 9 22 states that mechanical 
injury produces vacuolization in slime mold plasm odia. Buek- 
otrg ’ 26b states that countless vacuoles appear in onion cells 
following mechanical coagulation. These had previously been 
described in fixed material by Nemec J 01b. But this knowledge 
is very much older, as is evident from the following quotation 
from a paper written in 1876 (Velten ’76b) : “bei Druckwirkungen 
entstehen in den verschiedensten Zellen, wie dies bereit bekannt, 

Vacuolen ; War die Einwirkung nicht zu stark, so ver- 

schwinden sie nach einer Buhepause wieder und das Protoplasma 
kann in seinen normalen Zustand zuriickkehren”. The formation 
of numerous vacuoles within the protoplasm of a cell would beyond 
any question cause a marked increase in the protoplasmic viscosity. 
If enough vacuoles were present, the protoplasm would of course 
be totally incapable of flow, it would be gelled or coagulated. 

There are two different ways in which mechanical forces 
can act on protoplasm. Cells may be subjected to pressure in- 
sufficient to cause any rupture of the cell membrane, or they 
may be compressed so as to force out the interior protoplasm 
until it comes in contact with the outer medium. Cutting and 
tearing of cells also exposes the interior protoplasm to the sur- 
rounding medium. When a cell is cut, torn, or compressed so 
that its protoplasm comes into contact with the outer medium. 
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the naked protoplasm often reacts by forming a film about itself. 
It is not our purpose at this point to consider the process of film 
formation about emerging droplets of protoplasm. This is a 
subject that will be taken up in detail in a later chapter (see 
chap. 13). 

There is an interesting possibility that the eoagulative effects 
of pressure are in all cases due to an exposure of the cell interior 
to the outer medium. When a cell is violently compressed, we 
see the protoplasm emerge. Rut if a cell is subjected to a less 
violent pressure, it may very well happen that the cell membrane 
is broken here and there, and immediately mended. If these 
slight gaps were small, and if the mending process were rapid, 
the rupture of the membrane would certainly escape our notice. 
Evidence in. favor of the view that all mechanical coagulation 
involves a rupture of the membrane of the cell is found in the 
fact that the appearance of vacuoles in cells under pressure as 
mentioned in the quotation from Velten, is also a phenomenon 
which occurs in cells which have been broken or tom (see chaps. 13 
and 14). If this point of view is eventually shown to he correct, 
we may be in a better position to understand the remarkable 
effects which pressure has on living systems, effects quite unlike 
anything that is to be found in inanimate colloids. But, for the 
present, we have nothing more than an untested hypothesis. 

Something has already been said regarding the effects on 
protoplasm of pressures not great enough to cause a visible emer- 
gence of the cell contents. We shall now discuss the results of 
mechanical injury, such as is produced by a cut or wound. When 
an animal or plant is cut, the effect is not limited to the cells 
actually injured or even to the cells at the border of the cut. 
Cells at a considerable distance from the cut surface may be 
affected. It seems not at all unlikely that the transmission of 
the injury effect from cell to cell is due to the diffusion of chemical 
substances formed in the injured cells. Thus Frank 72 found 
that the morphological changes produced by injury appeared 
sooner in cells in the neighborhood of the midrib in the case of 
leaves of Elodea . This would indicate that the changes are due 
to a substance which diffuses from the cut or injured region. 
There is also other evidence which points in the same direction. 
Some of this will be brought forward in later chapters. But for 
the present we shall consider the mechanical coagulation by itself 


128 


CHAPTER VIII 


and we shall not attempt to understand the mode of its trans- 
mission or to determine whether this transmission is more phy- 
sical or chemical. 

When plant tissues are injured, both morphological and 
physical changes occur in the neighboring cells. Although it 
seems quite probable that the morphological changes depend on 
the physical, no one has attempted to show a relation between 
the two. The morphological changes have been studied by cyto- 
logists, the physical changes by physiologists. 

In plant tissues various form changes can be seen in the 
neighborhood of an injured or cut surface. 'Frank ’72 described 
movements in the chloroplasts of Elodea cells. Tan cm ’84 found 
that protoplasm and nuclei of onion cells moved in a direction 
toward any injured region. Tangl cut the scales of onions with 
a sharp knife. Nestler ’98 repeated Tangl’s observations 
for many types of plants. It is interesting to note that Nestles 
used not only a knife and a glass needle, but he also found similar 
changes following wounds produced by the heat of a burning 
glass. Movements of nuclei and cytoplasm toward cut or injured 
surfaces have also been described by Nemec ’01b, by Karling ’26 
and by various others. For references, see Karling ’26. 

The physical changes that occur in protoplasm following 
an injury to cells in the neighborhood have also been studied by 
botanists. Hexlbronn’12 found that when sections were cut 
through bean seedlings (Phaseolus and Vicia), the viscosity 
of the protoplasm was abnormally high for 10 — 15 minutes after 
the sections were made. During this time, the starch grains 
in the starch sheath cells did not move at all under the influence 
of gravity, although they moved rapidly enough later. Similar 
observations have been made b} 7- various other workers who 
have used the gravity method of measuring protoplasmic viscosity 
(see for example F. and G. Weber T 7 also Zollikoeer T8). 

Recently Buenning ’26a and b has made an interesting 
quantitative study of the increase in viscosity which follows 
wounding. Buenning studied the viscosity changes with the 
gravity, centrifuge, and plasmolysis-form methods. In his experi- 
ments he cut the plant tissue with a razor, but he is careful to 
show that there is no chemical effect of the metal, for he states 
that controls in which there was no possibility of chemical action 
gave the same results (compare also the experiments of Pg- 
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bodkg 5 12c). In his first paper, Btjenning used seedlings of 
Sec-ale cereale and Raphanus sativus, and sprouts of Tmdescantia, 
viridis. The seedlings were decapitated, and then viscosity deter- 
minations of the protoplasm of cells near the cut were made 
both with the gravity and centrifuge methods. In these viscosity 
determinations, the starch grains or granules were made to move 
in intact masses of tissue, and then sections were cut to determine 
the extent of the movement. As pointed out in a previous chapter 
(see p. 44), this method is preferable to the older method of 
cutting the sections first and then watching the fall of starch 
grains through the cells of the section. 

Btjenning- found that coagulation occurred in cells several 
layers distant from the cut surface. There is a sharp increase 
in viscosity. The time required for the attainment of maximum 
viscosity varies somewhat in the different species. In Secede, 
at least 6 minutes elapse after cutting before a maximum viscosity 
is reached. In Tmdescantia the maximum viscosity appears 
to be reached within 1% minutes. 

The coagulation or increase in viscosity is reversible. Thus 
in Tmdescantia, centrifuge tests showed that 6 to 7 minutes after 
cutting the viscosity had returned to normal. When, however, 
instead of a single cut across the stalk, thin sections were made, 
a longer time was necessary for recovery. Under these con- 
ditions, in Tmdescantia , the viscosity only returns to normal 
within 10 minutes at the earliest. In a similar experiment in 
Raphanus , the return to normal required 30 minutes. Btjenning 
points out that a longer time is necessary for recovery than for 
the development of maximum viscosity. 

The increase in viscosity following a cut through the stalk 
is quite considerable. In the cells of Secale , one minute after 
the cut, the viscosity rose to 4 times its original value. In Tmde- 
scantia, after half a minute, it rose to 3% times its original 
value; and in Raphanus , after 2% minutes, the viscosity was at 
least 5 — 6 times as great as before cutting. 

In a later paper (’26b), Btjenning studied the effects of wounds 
on the protoplasm of onion cells. He used the cells of the scales 
of the onion, and as before, he stimulated by cutting with a razor. 
In the onion cells there are no starch grains or larger granules, 
and neither the gravity nor the centrifuge method could be used. 
Btjenning therefore used the plasmolysis-form method. The time 
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required for coagulation is not more than 30 seconds. The in- 
crease in viscosity is followed by the clouding over of the proto- 
plasm and the appearance of new granules both in the cytoplasm 
and in the nucleus. There are also many small vacuoles formed 
during the coagulation process. 

Electric currents have a marked effect on various types of 
living material. In muscle and nerve physiology, the electric 
current is the most common means of stimulation. Lower forms 
of animal life and various plant tissues also show a characteristic 
response to the passage of electricity. It is to be expected, there- 
fore, that the protoplasmic colloid should undergo changes follo- 
wing exposure to electric currents. There is an abundance of 
evidence to prove that this is the case. 

In 1862 Bbucke showed that electric currents produced a 
cessation of Brownian movement in the salivary corpuscles or 
leucocytes of human saliva. 

Kuhne ’64 found that the passage of an electric current 
from an induction coil caused a cessation of Brownian movement 
in the protoplasm of the stamen hair cells of Tradescantia. Chif- 
elot and Gatjtier ’05 also found that the passage of an electric 
current stopped Brownian movement in the cells of the alga 
Gosmarium. Bayliss 5 20 studied the effect of currents from an 
induction coil on Brownian movement in the protoplasm of 
ameba. The amebae were placed on a slide in a drop of water, 
and the electric current was led to the drop through strips of 
platinum foil. With this technique, there is of course the possi- 
bility that various chemical substances formed at the electrodes 
may have an effect on the protoplasm. But Bayliss 9 observations 
were usually made very rapidly, so that this was probably not 
a factor. In studying the Brownian movement, Bayliss used a 
Zeiss paraboloid condenser, and he focussed his attention on the 
ectoplasm of the pseudopodia. Here one can observe a very 
vigorous movement of granules invisible with brightfield. On 
the passage of an electric current, this movement “ceases almost 
instantly, as if the protoplasm had been frozen . Then when 
the current is stopped, the Brownian movement begins again. 
In order to obtain these results, it is necessary to use currents 
that are neither too weak nor too strong. The latter produce 
an irreversible coagulation of the protoplasm. 
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From these studies on Brownian, movement, it is apparent 
that electric currents can produce a reversible gelation or coa- 
gulation of the protoplasm*. A much more exact study of the 
effect of the electric current on the colloidal properties of proto- 
plasm w r as made by Bersa and Weber *22. These workers were 
careful to exclude any possible error due to the formation of 
chemical decomposition products at the electrodes. The current 
passed from carbon electrodes through troughs containing tap 
water, and then to the tissue by way of long strips of moist filter 
paper. Water and filter paper were changed from time to time, 
so that there was no possibility of the diffusion of \ chemicals from 
the electrodes to the cells. The material used was the stalk 
(epicotylj of the bean plant Phaseolus multi floras, and the current 
was passed through pieces of the stalk about 1 — 2 cm. long. The 
viscosity of the protoplasm was determined by the centrifuge 
method. The results of the experiments are very clearly summa- 
rized by Bersa and Weber, and the account that follows is 
practically a translation of their words. 

In order to produce a viscosity increase in the protoplasm, 
an exposure of only % to y 2 minute is necessary, if the current 
is relatively strong (5 — 10 miUiamperes). With weaker currents 
(0.15 — 5 miUiamperes). an exposure of I to 4 minutes is necessary 
to produce the same effect. The increase in viscosity produced 
by these currents is considerable, for it is at least a three fold 
increase. The effect is reversible, and after a recovery period of 20 
to 40 minutes, the viscosity becomes as low or nearly as low as it 
was before exposure to the electric current. The results of Bersa 
and Weber find confirmation in some experiments of Zeidler ’25. 

It is obvious that the results obtained from observation 
of Brownian movement, and those obtained by the centrifuge 
method are consistent. Moreover, as we shall now proceed to 
show, these results are in complete harmony with the older 
knowledge concerning the effect of electric currents on the rate 
of protoplasmic streaming. This knowledge goes back to the 
year 1837. In that year Becquerel found that the passage of 


* Velten ’76 e describes a case in which the passage of an electric 
current through Elodea cells caused an initiation of Brownian movement. 
This was apparently due to the fact that the granules of the protoplasm 
were dislodged into the vacuole where they had more room to move. 
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an electric current through cells of Ohara produced almost imme- 
diately either a retardation or a complete stoppage of the proto- 
plasmic streaming. Following Becquerel, the action of electric 
currents on protoplasmic streaming in plant cells has been studied 
by Jurgensen ’61, Brucke ’62, Heidenhain ’63, Kuhne ’64, 
Velten ’76c, Hormann ’98, Ewart ’03 and Koketsu ’23. 

These authors worked with a wide variety of plant material, 
and in general they found that electric currents caused the ro- 
tation of the protoplasm to become slower or to stop completely. 
There are one or two exceptions which might be worth considering. 
Occasionally, according to Velten ’76c, there is a slight accele- 
ration of the rate of streaming in leaf cells of l allisneria spiralis. 
This Velten attributes to a heat effect as a result of the passage 
of the current through material of high electrical resistance. 
Ther ewere indeed indications that the cells actually did become 
warmer. Koketsu ’23 also describes one case in which there 
was an acceleration of the rate of streaming in a part of a Ohara 
cell. He favors a different explanation from that of Velten. 

But in the great majority of experiments, and they are many, 
the passage of an electric current has a very marked retarding 
effect on the speed of streaming. An experiment of Koketsu’s 
may be taken as illustrative. In this experiment he stimulated 
a Ohara cell seven times with the current from an induction coil. 
The current was of various strengths, being less of course as the 
distance between the primary and secondary coils was increased. 
Following each stimulation, Koketsu measured the speed of 
protoplasmic streaming by determining the time it took for the 
protoplasmic granules to travel a specified distance. The time 
was recorded in beats of a metronome, each beat being one- 
twohundredth of a minute. In the following table, the numbers 
at the head of the columns refer to the successive stimulations, 
the distances in centimeters being the distances between the 
primary and secondary coils in each case. The first column gi\es 
the time at which speed determinations were made. In the other 
columns, are records of inverse speeds. These figures show the 
times, in metronome beats, required for the protoplasm to move 
a given distance. These times would of course vary directly with 
the viscosity. Reading down any one column, one finds a record 
of a single experiment. When a complete stoppage of streaming 
occurred, this is indicated by S. 
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Speed of protoplasmic streaming in Char a after 
electrical stimulation (Koketsu ’23) 


Time of observation 

No. 1 

8.0 cm. 

No. 2 

7.5 cm. 

No. 3 

7.0 tm. 

No. 4 

6.0 cm. 

No. 5 

5.0 cm. 

No. 6 

4.0 cm. 

' No. 7 
|3.5 cm. 

Before stimulation. . 

8 

8 

s . 

: . 

' 9 ' 

. 8 
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Directly after stimu- 
lation 
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If one compares the observations of Koketsu with the 
viscosity measurements of Bersa and Weber, one is struck 
with the similarity. Apparently the action of electricity on the 
rate of protoplasmic streaming in plant cells is due primarily 
to an effect on the viscosity of the protoplasm, rather than to 
an effect on the motive force of the streaming. 

In animal cells too, the flowing movements of the protoplasm 
may be stopped by the passage of electric currents (see for example 
Kuhne ’64, Engelmann ’69), but here the phenomenon is com- 
plicated by changes in the form of the cells, Moreover for animal 
cells no quantitative studies have been made which are at all 
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comparable in exactness with those which have been made on 

plant material. . , , 

For both plant and animal cells it seems certain that the 

passage of an electric current very quickly produces a reversible 
gelation or coagulation of the protoplasm. This is a fact of great 
importance, and it deserves further study. It seems probable 
that all types of irritable protoplasm may be electrically coagulated . 
Concerning the possible mechanism of such a process we know 
little or nothing. The fact that protoplasm is so sensitive to 
electric currents seems to indicate that, the electric charges, o 
the living substance are very important from a colloid chemical 
standpoint. If protoplasm were simply a colloidal solution of 
proteins, it would be hard to understand why electric currents 
exerted so powerful an influence. If we consider protoplasm as 
primarily a suspension, and we have abundant reason for so 
doing (see chaps. 2 and 5), we are perhaps in better position to 
understand the peculiar coagulative effect of electric currents, for 
the stability of a suspension depends to a greater extent on its 
charge than does the stability of a lyophyllic colloid such as a 
protein solution. When an electric current is sent through a sus- 
pension or a suspensoid, the colloidal particles wander to one 
electrode or the other, and on reaching the electrode they give 
up their charge and are coagulated. But the contents of a cell 
do not wander to the electrode, unless we consider the bounding 
membrane of the cell as an electrode. This in a sense it is. If 
we pass an electric current through a suspension so that its par- 
ticles move toward a membrane, as for example in electrodia, lysis, 
the colloidal particles when they reach the membrane lose their 
charge and become precipitated. Perhaps a similar process occurs 
in protoplasm; but this seems doubtful, for the electrical coa- 
gulation may be practically instantaneous even in large cells. 

In a later chapter we shall have occasion to consider the 
electric migration or cataphoresis of protoplasmic granules through 
the cell (see chap. 10). 

The mechanism of electrical coagulation of protoplasm may 
very well be related to the vacuole formation which frequently 
accompanies or follows the passage of an electric current through 
the ceil. This is a complicated subject, and one that can not 
be adequately discussed at this point. It will be considered later, 
(see chap. 14). 
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In recent years there has been great interest in the action 
of light on plants and animals. But up to the present, there has 
been very little study of the effect of the light on the colloidal 
properties of the protoplasm. Many authors have shown that 
light rays, and especially ultraviolet rays, cause the death of 
bacteria exposed to them (for references see Pincussen ’21, 
Clark ’22). This death no doubt sooner or later involves a coa- 
gulation of the protoplasm, but one has no means of knowing 
whether or not this coagulation is a direct result of the radiation. 

Piiiisr g sheim ’81 exposed plant cells to concentrated sunlight, 
talcing care to avoid heat effects. He found that the increased 
intensity of light caused a decrease in. the rate of protoplasmic 
streaming in Nitella. In Spirogyra cells, the concentrated sunlight 
tended to stop the “Kornchenbewegung” in the wall layer of the 
protoplasm. This “Kornchenbewegung” probably depends at 
least partly on the Brownian movement of the granules. 

Many authors have studied the action of light on protoplasmic 
streaming. In most instances their results seem to depend more 
on an action of the light on the propelling force of the streaming 
than on the viscosity. Light rays have frequently been found 
to have an influence on the initiation of protoplasmic streaming. 
For references to literature, see Bedorch ’25. Bexkirch himself 
found that the stimulating effect of light on streaming consisted 
in an increase in the number of cells which showed streaming 
rather than in any increase in the maximal speed with which 
the protoplasm moved. 

Ultraviolet rays seem to have a specific effect in slowing or 
stopping the streaming movement of protoplasm, and this effect 
may very well be on the viscosity of the protoplasm. Hertel ’04 
found that when Elodea cells were exposed to ultraviolet rays 
with a wave length of 280 pcpt, the rotation of the protoplasm 
first became slower and then stopped completely. Similar results 
were obtained by Schulze ’10 for the stamen hair cells of Trade - 
scantia, the root hairs of Hydrocharis , and the leaf cells of Val - 
lisneria. He also used rays with a wave length of 280/^/l Vouk’12 
studied the effect of ultraviolet rays from a mercury vapor lamp 
on the streaming of slime mold protoplasm. In most of his experi- 
ments he exposed the plasmodia for from 1 to 5 minutes aud found 
a cessation of movement which was usually reversible. However, 
the longer exposures caused death. In one experiment, in which 
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the exposure was only 30 seconds, the speed of the streaming was 
increased. Such an increase in streaming was also observed when 
the rays passed through glass, so that the acceleration may have 
been due to an action of the visible rays of the spectrum. 

In his experiments on the stamen hair cells of Trade scant ia, 
Schulze noted that the rays of 280 fi.fi wave length caused the 
appearance of many small vacuoles. These could be noticed 
even after an exposure of only 30 seconds. 

That ultraviolet rays cause coagulation of protoplasm seems 
certain. Ceekovodeaxu and Hekri TO exposed paramecin and 
white blood cells to ultraviolet rays, and studied the appearance 
of the protoplasm under darkfield illumination. They found 
that the protoplasm became more granular and appeared brighter, 
(“plus brillant 55 ). This is evidence of coagulation. 

Ruppert j 24 treated Ascaris eggs with ultraviolet rays 
(280 ju t a) at various stages of mitosis, and then centrifuged them 
immediately. Before treatment the eggs were kept in an incubator, 
at a temperature of 37° C. The centrifugal treatment was always 
the same. The eggs were centrifuged for 30 minutes at a speed 
of 3200 revolutions per minute. The radius of turn was about 
10.5 cm. This is rather a severe centrifugal treatment (compare 
p. 103), and it is not surprising that the eggs always showed a 
complete stratification. But there was a very noticeable diffe- 
rence between the eggs which had been exposed to ultraviolet 
rays and the control eggs. In the exposed eggs, there was often 
a much slower return of the granules after the centrifuging process 
was discontinued. Sometimes the granules did not return at all. 
A similar observation had previously been made by Schlepp ’23. 
Both Schleip and Ruppert conclude that there is a marked 
increase in viscosity in the protoplasm of the eggs exposed to 
ultraviolet rays, and this conclusion certainly appears to be 
justified. In one experiment, Ruppert instead of centrifuging 
the eggs immediately after they had been exposed to ultraviolet 
rays, kept them over night at room temperature and then centri- 
fuged them. In this experiment the eggs treated 5 and 10 mi- 
nutes showed no movement of granules on being centrifuged, 
so that the viscosity of their protoplasm had evidently been 
greatly increased. 

Gibbs '26 studied the effect of ultraviolet rays from a mercury 
vapor arc on the protoplasm of Spirogyra cells. He found that 
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radiation, between 3126.1 and 2378 1 (I. e. 312.6 — 237.8 a, a) caused 
first a liquefaction and. then on longer exposure a coagulation 
of the protoplasm. Viscosity measurements were made with the 
centrifuge method. The following table, taken from Gibbs’ paper, 
shows the decrease in protoplasmic viscosity produced by rela- 
tively short exposures to the mercury vapor arc. 


Effect of ultraviolet light on Spirogy ra protoplasm (Gibbs ’26) 


Time of centri- 
fuging in 
seconds 

Cells exposed to 
unscreened arc 
for 30 minutes 

Cells exposed to 
are screened with 
“Noviol 0” glass 

Cells not 
exposed 

45 

Slight displacement 

Normal 

Normal 

60 

Marked displa cemen t 

Normal 

Practically 


in some cells 


normal 

75 

Marked displacement 

Very slight 

Very slight 



displacement 

displacement 


Ad poms ’27 treated wheat seedlings with ultraviolet radiation 
from a mercury vapor lamp. The seedlings were exposed for 
10 — 15 minutes, and the root hairs were then examined in dark- 
field (cardoid condenser). From the morphological appearance 
of the protoplasm, A dooms concludes that coagulation has oc- 
curred after 10 minutes. The seedlings are not injured by the 
treatment. Root hairs covered with glass show no coagulation. 
Very soon after the discovery of X-rays and of radium, 
experiments were made to find out what effect or effects the 
new r radiations might have on living organisms. And as soon 
as it became apparent that both X-rays and radium might have 
clinical value, these experiments became much more frequent. 
So that already there is a vast literature in this field, a literature 
which is scattered through biological and medical journals and 
journals devoted especially to the study of the effects of radiation. 

Most of the work that has been done deals with gross effects 
on whole animals or plants or human beings. Plants grow more 
rapidly or more slowly, animals are killed, or men are cured. 
Biologists have not infrequently described effects on cell division 
or on the course of inheritance. Truly physical studies on the action 
of X-rays or radium on the protoplasm have been relatively few. 

Some recent authors incline to the view that the primary 
effect of radium radiations and of X-rays is on the medium 
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surrounding the cells. For literature on this subject, see Sartory, 
Sartory and Meyer ’27. 

It is very commonly believed that the nucleus of a cell is 
much more sensitive- to radium and X-rays than is the cytoplasm, 
and that the nuclear material is particularly sensitive during 
the metaphase when the chromosomes are not surrounded by a 
nuclear membrane. Numerous papers have been written in sup- 
port of this thesis, for references to some of them, see Schinz ’24, 
Sexde ’25. Reiss ’25 states that the nucleus of the sea-urchin 
egg is 18 times as sensitive to radium as is the cytoplasm, and 
3.8 times as sensitive to X-rays. 

There have been relatively few studies of the effect of radium 
and X-rays on protoplasmic streaming. The results as far as 
they go indicate that the action of X-rays and of beta and gamma 
rays of radium are similar to those of ultraviolet rays. 

Weber ’23 found no effect after treating two types of plant- 
protoplasm with X-rays. He radiated Spirogyra cells with 170 
Holzkkecht units, and then centrifuged five minutes later. 
There was no observable difference between the radiated material 
and the controls. After 20 hours, an increase in viscosity did 
occur, but this Weber interprets as being due to a secondary 
effect. Weber also radiated seedlings of Phaseolus multiflorus 
with 24 Holzknecht units, but again he was unable to detect 
any change in the viscosity of the protoplasm. Apparently some 
types of protoplasm are very resistant to X-rays. This is certainly 
true for paramecium. In this form, prolonged exposure to strengths 
of X-rays that would have a very serious effect on the life of 
higher types of animals, have no marked effect either on the 
protoplasmic viscosity or on the activities of the animal (un- 
published ex|3eriments). 

However, Williams ’23 was able to show very definite 
effects of X-ray treatment on the protoplasm of the stalk cells 
of Saxifraga umbrosa . Short exposures caused an increase in 
the rate of protoplasmic streaming, and also an increase in the 
Brownian movement of the small particles of the protoplasm. 
Longer exposures caused a diminution of the rate of streaming, 
and finally complete stoppage. Similar results are also recorded 
in an early paper of Lopriore ’98. But this worker studied only 
the rate of streaming and not the Brownian movement. He 
found that a half hour treatment with X-rays caused an increase 
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in the rate of streaming in the protoplasm of the leaves of Veil- 
lisneria spiralis . Treatment for an hour caused the protoplasm 
to become yellow, granular, and coarsely vacuolated. Seckt ’02 
also found that short exposure to X-rays increased the rate of 
protoplasmic streaming in various plant cells, and that longer 
exposures slowed it. From all these results, it seems probable 
that X-rays first produce liquefaction and then coagulation of 
the protoplasm. 

Similar effects have been found to follow radium treatment. 
Thus Forbes and Thacker, ’25 found a decrease in viscosity 
of the protoplasm of the eggs of Nereis (an annelid), following 
treatment with radium. In their own words, “ Nereis eggs radiated 
with /brays, fertilized and then centrifuged from 7 to 65 minutes 
after fertilization, show slightly sharper separation of resulting 
zones than is found in unradiated controls. The difference is 
most easily explained as due to decreased viscosity of the proto- 
plasm in consequence of radiation.” 

Williams ’25 studied the effect of beta and gamma rays 
of radium on the protoplasm of Saxifraga umbrosa. Short exposure 
caused an increase in the amplitude of the Brownian movement 
of the small particles of the protoplasm, together with an increase 
in the rate of protoplasmic streaming. Evidently a decrease in 
viscosity is produced. Longer exposure to radium caused coagu- 
lation, and vacuolization of the protoplasm. Comparable results 
were also obtained by Zuelzer and Philipp ’25 on ameba. These 
authors found that short exposures to radium caused an increase 
in the speed of ameboid movement, longer exposures resulted 
in a vacuolization of the protoplasm. 


CHAPTER IX 

THE ACTION OF VARIOUS SALTS 

Protoplasm contains salts and these salts play an important 
role in the life of the cell. So much. is common knowledge. There 
can be no doubt but that certain salts or ions are essential for 
life. These salts or ions must be present within definite limits 
of concentration, and there must moreover be a balance between 
the concentration of one ion and another. 

Because of the obvious importance of the protoplasmic 
salts, and because of the relative simplicity of these constituents, 
physiologists have very frequently studied the effect of the more 
common salts on various aspects of the life of the cell. 

In studying the action of specific salts or ions, it is of course 
essential to exclude other factors from participation in the ex- 
periment. In the first place, a salt must not be used in such 
concentration that it exerts an osmotic effect. The solution used 
for the experiment must neither be hypertonic nor hypotonic, 
it must neither extract water from the protoplasm or give up 
water to it. Frequently physiologists have drawn conclusions 
regarding the particular action of some one salt from experiments 
in which cells or tissues were immersed in solutions which exerted 
a decided osmotic action. It is not always a simple matter to 
decide just which strength of solution to use. Most workers assume 
that- solutions which have the same freezing point are equal 
in their osmotic effects. But this could only be true for an ideal 
semipermeable membrane, a membrane which is permeable for 
the solvent, in this discussion water, and impermeable for all 
dissolved substances. No such membrane is known. Certainly 
the osmotic membranes of cells show differences in permeability 
toward various types of salts and other dissolved substances. 
Hence a theoretically isosmotie solution may in actual practice 
extract water from the cell, or it may have the opposite effect. 
Indeed it seems certain that other factors are involved in addition 
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to a differential permeability, so that it is quite out of the question 
to know from, available physical data just what strength of 
solution will be in osmotic equilibrium with a given type of cell. 

How then can one know what strength of solution to use ? 
For some cells it is possible to test the osmotic effect of various 
concentrations of any given substance merely by determining 
the volume of the cell in different concentrations. That con- 
centration which causes neither loss nor gain of water is isosmotic. 
When cells have irregular shapes, it is not always easy to determine 
their volume. Such cells are not to be recommended for experi- 
ments with salts, for it is impossible to exclude osmotic factors. 
Most plant cells are surrounded by a stiff wall which prevents 
any marked increase in volume. The only action of a hypotonic 
solution on these cells is to cause an increase in the pressure 
exerted on the protoplasm by the cell wall. With the ordinary 
type of plant tissue, the osmotic factor is probably unimportant 
as; long as hypotonic solutions are used. Perhaps also hypotonic 
solutions may safely be used in experiments with, fresh water 
protozoa. 

A second factor which must not be disregarded is the hydrogen 
ion concentration. The older experiments on the action of salts 
took no cognizance of this factor. Colloid chemists have repeatedly 
emphasized the importance of the hydrogen ion concentration 
in determining the behavior of various colloidal solutions. Nor 
have biologists been slow to realize that the concentration of 
hydrogen ions is a variable of great importance to life phenomena. 
Hence if we are to study the action of salts, we must be certain 
that our solutions either have the same pH as the normal medium, 
or that they have a pH which can be shown to have no marked 
effect on the protoplasm. In studying an inanimate colloid, it 
is only necessary to know the pH of the solution, that is to say 
of the dispersion medium. But when we immerse living cells in 
various solutions, we are interested not so much in the pH of 
the medium surrounding the cells as in the pH of the protoplasm 
itself. In an inanimate colloid the pH is what we measure it to 
be. But when cells are placed in different solutions of the same 
pH, the hydrogen ion concentration of the cell interior may be 
very different. Consider for example two solutions in which the 
pH is determined primarily by carbonic acid. Let us suppose 
that both solutions have the same pH, but that one of the solutions 
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contains carbonates, whereas the other does not. As a result 
of the law of mass action, it can readily be shown that the solution 
containing carbonates has a much higher concentration of car* 
bonic acid than the solution without carbonates, in spite of the 
fact that it has the same pH. Because of such a higher concen- 
tration of carbonic acid, far more acid diffuses into the cell. 
The two solutions are therefore not comparable, even though 
at first sight they might appear to be. In experiments with cells 
it is not always sufficient to keep the pH constant. Some attention 
should also be paid to the source of the pH. 

In studying the action of salts it is necessary to use isosmotic 
solutions and solutions whose pH is not likely to have an effect 
on the cell protoplasm. But even when we use such solutions 
there is another difficulty which it is almost impossible to cir- 
cumvent. In most, instances we do not know how rapidly a salt 
enters a cell and there is even some question as to whether salts 
enter at all. The weight of the permeability evidence certainly 
favors the idea that salts do diffuse into cells, but there is every 
reason to suppose that some salts enter more rapidly than others. 
If we compare the action of two salts, any differences that we 
observe may be due to a difference in the permeability. In general 
this does not seem to be possible in those cases in which the two 
salts produce opposite effects within the cell. But in those cases 
in which the difference in the action of the two salts is a difference 
of degree, we can not very well exclude the permeability factor. 

From what has gone before, it is obvious that the greatest 
caution must be exercised in interpreting the results of experi- 
ments with salts. The conditions of experimentation should be 
such as to preclude osmotic effects or effects due to a difference 
in hydrogen ion concentration. And we must always recognize 
that the speed with which various salts enter the cells is a factor 
to he considered. 

Many types of protoplasm are very sensitive to salts of 
heavy metals. This fact was first emphasized by Kaegeli, who 
found that Spirogyra cells were killed by copper and mercury 
salts in extreme dilution. Since Naegeli’s time, it has been 
customary to speak of this action of substances in extremely 
small concentration as an “oligodynamic action”. In recent- 
years there seems to have been a revival of interest in the pheno- 
menon of oligodynamic action. References both to new and 
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older literature may be found in the papers of Seybold ’27 
and Ludwig ? 27. From data collected by Litdwig, it appears 
that parameeium is killed by copper sulphate and mercuric 
chloride solutions when the concentration of these solutions is 
greater than IG~ 6 molar. jSpirogyra is even more sensitive and is 
killed by concentrations of 10 ~ 6 molar. 

In view of the fact that salts of heavy metals coagulate 
proteins in vitro, it seems not improbable that they exert the 
same effect in vivo. By actual viscosity tests it can readily be 
shown that low concentrations of HgCl 2 produce a coagulation, or 
at least a great increase in viscosity, in various types of proto- 
plasm. Arbacia eggs treated with mj 10,000 HgCl 2 in sea- water 
very soon become altered so that the granules of the cells can 
no longer be moved by centrifugal force. The same experiment 
can also be performed on protozoan cells. When the flagellate 
Euglena is centrifuged, it loses its spindle-shaped contour and 
becomes spherical, the granular inclusions massing at one end. 
But when a small amount of mercuric chloride solution is added 
to the culture medium in which the Euglena lives, no shifting 
of granules occurs when the protozoa are centrifuged. In both 
Euglena and Arbacia cells, a great increase in viscosity follows 
treatment with mercuric chloride. The protoplasm ceases to 
behave as a fluid and is a gel or coagulum. The coagulative action 
of mercuric chloride, at any rate in higher concentrations, appa- 
rently involves a precipitation of proteins from the hyaline ground 
substance, that is to say the intergranular material, of the proto- 
plasm. Not only is this a logical assumption, but there is also 
actual experimental evidence in its favor. When Arbacia eggs 
are first centrifuged, and are then treated with dilute solutions 
of mercuric chloride in sea-water, new granules can be seen to 
appear in the hyaline region previously free from granules. 

In very dilute solutions of mercuric chloride in sea-water, 
there can of course be no question of an osmotic effect. Moreover 
these solutions have a pH very close to that of sea-water. Other 
solutions of metallic salts are frequently acid. Thus copper sulphate 
and copper chloride hydrolyze in aqueous solution, so that there 
is always some sulphuric or hydrochloric acid present. But it 
is easy to show that the copper ion has a specific effect quite 
apart from any acidity that may be present in solutions of its 
salts. Dilutions of copper chloride which have little or no acidity 
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may have a very pronounced action on the protoplasm. Thus 
in one of a series of unpublished experiments, the following five 
solutions of copper chloride in sea-water were prepared: m/1,000, 
m/5,000, .m/10,000, m/50,000, m/100,000. Even the m/5,000 
solution was dilute enough so that there was practically no effect 
of the hvdrogen ion concentration (the pH of this solution was 
7.8). All of the solutions produced a coagulative effect on the 
protoplasm of sea-urchin eggs, as was clearly shown by centrifuge 
tests. This coagulation did not occur very rapidly. Thus a test 
of the eggs in the m/5, 000 solution showed no coagulation and 
no increase in viscosity after a 20 minute exposure, whereas a 
test after 54 minutes did show' coagulation. 

For some protoplasm the copper ion apparently does not 
exert so pronounced a coagulative effect. Klemm ’95 placed 
leaves of various aquatic plants in a 10 % copper sulphate so- 
lution. The streaming of the protoplasm was not interrupted, 
even though enough of the copper salt diffused into the cells 
to distinctly color the cell sap (compare also Pringshecvi 5 24). 

The action of the ions of heavy metals on protoplasm, as 
far as it is known, seems easy to understand. Apparently metallic 
ions like those of mercury and copper cause a precipitation of 
the proteins of the cell, although perhaps this is not so certain 
in cases in which the metals are only present in very great dilution. 

The behavior of protoplasm toward salts of the alkaline 
and alkaline earth metals presents a more difficult problem. 
These ions have no very great effect on proteins, hut they have 
a profound influence on practically all types of living substance. 
Over and over again, workers with both plant and animal material 
have found that solutions of sodium chloride alone or potassium 
chloride alone, are toxic; but that the addition of a small amount 
of calcium or magnesium chloride is sufficient to offset the toxicity 
of the sodium or potassium ion. Often too, though not always, 
calcium and magnesium salts when present alone are toxic, and 
the addition of sodium or potassium ions is necessary to save 
the life of the tissue or organism. It is not our intention here 
to consider the vast literature on the subject of these ion anta- 
gonisms. Some of this literature has been summarized in a recent 
book of Zondek ’27, and many details will be found in the. last 
edition of Hober (’26). The review of Rubinstein ’28 may also 
be consulted. Not only have physiologists studied the effects 


THE ACTION OF VARIOUS SALTS 


145 


of sodium, calcium, and other ions on the life and death of various 
tissues, they have also made numerious experiments to show 
that in a wide variety of biological processes the physiological 
behavior is strongly influenced by the presence of one or the 
other of the ions in question. 

Within the limits of a single chapter it would be impossible 
to discuss adequately the large and often contradictory literature 
on the antagonistic action of the salts of the alkaline and alkaline 
earth metals. We shall confine our attention almost exclusively 
to the studies that deal with the effects of the ions of these metals 
on the colloidal state of the protoplasm. Here too our task will 
not be simple. Not only because of the intrinsic difficulties of 
the subject itself, but because also the subject has now and again 
been attacked by biologists with no training in the elements 
of physical chemistry. Thus not infrequently one finds compa- 
risons between the effects of equimolar solutions of calcium and 
sodium chloride, in spite of the fact that the calcium chloride 
dissociates into three ions instead of two, and therefore has a 
theoretical osmotic pressure roughly one and a hah times as 
great as the sodium chloride solution when both are present 
in equimolar solution. Because of the unsatisfactory state of the 
literature, we shall not attempt any chronological survey, but 
instead we shall present a thesis and see how r it fits the facts. 

In view of the pronounced action of the alkaline and allvaline 
earth metals on all tj-pes of living substance, it seems logical 
to assume that the ions of these metals have definite effects on 
the colloidal properties of the protoplasmic colloid. That this 
should be true is readily understandable if we remember that proto- 
plasm is a suspension (see p. 21). Colloidal solutions of proteins 
are on the whole very insensitive to the ions of sodium, calcium, 
etc., whereas on the other hand lyophobe colloids and suspensions 
are very sensitive to these ions. The stability of a suspension 
depends on its electric charge, and this charge is primarily due 
to the adsorption of ions. Bivalent ions are far more readily 
adsorbed than monovalent ions, trivalenfc ions still more readily. 
If a negatively . charged suspensoid or suspension is placed in 
contact with a source of bivalent cations, these are soon adsorbed, 
the charge on the colloidal particles is neutralized, and preci- 
pitation or coagulation follows. So, too, a positively charged 
suspension is readily precipitated by bivalent or trivalent anions. 

Protoplasma-Monographxen I: Heilbruim 10 
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These facts are of course well known and further details will be 
found in almost any book on colloid chemistry. 

Consider now the protoplasmic suspension. We have every 
reason to believe that it remains stable because of an electric 
charge. The fact that in living cells generally, bivalent cations 
are more abundant than bivalent anions, is an indication that 
the charge on the protoplasmic colloid is positive. Normally, the 
protoplasmic colloid is in equilibrium both with monovalent and 
with bivalent cations. If now the percentage of bivalent cations 
w r ere to be increased, obviously the positive charge, if there is 
a positive charge, would be increased. On the other hand, if 
the percentage of bivalent cations were decreased and their place 
taken by monovalent cations, we should expect a decrease in the 
charge of the protoplasmic colloid, with perhaps a complete neu- 
tralization of charge. Should such a neutralization of charge 
occur, the protoplasmic suspension would lose its stability, and 
precipitation or coagulation would be the result. 

The point of view that we have been considering is in the 
main that proposed by Heilbrijnn ? 23. In the present chapter, 
no attempt will be made to discuss all the evidence which points 
toward a positive charge of the protoplasmic suspension. This 
will be done in the following chapter, which deals with the elec- 
trical properties of protoplasm. If, however, we assume a posi- 
tively charged protoplasmic colloid, w T e are in a position to under- 
stand the actual facts in regard to the effect of sodium and cal- 
cium ions on the physical state of the protoplasm. 

Heilbrunk ’23 studied the effect of calcium, magnesium, 
potassium, sodium, and ammonium ions on the protoplasm of 
the eggs of the sea-urchin Arbacia . The eggs were placed in 
solutions of the chlorides of these metals. In these solutions, 
the hydrogen ion concentration was carefully controlled, and 
the concentration of the salt was so adjusted that the solution 
was isosmotic with the eggs. That is to say, the solutions used 
caused neither a shrinkage or an increase in volume of the cells. 
This does not mean that the solutions had the same freezing 
point. A solution of calcium chloride which produces the same 
freezing point lowering as a solution of sodium chloride, is demon- 
strably stronger osmotically with reference to the semipermeable 
membrane of the Arbacia egg. Whether this is due to a greater 
permeability of the sodium ion or not, does not concern our 
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present discussion. The point we wish to emphasize is that in 
the experiments of Heilbkunk, solutions were used which had 
no osmotic action on the cell. 

In the presence of an increased proportion of the calcium 
ion, or in isosmotic calcium chloride solutions, the protoplasm 
of the Arhacia egg becomes more fluid. This was clearly shown 
by centrifuge tests. The magnesium ion produces a similar effect, 
but its action is not so strong, and the change in viscosity is 
relatively slight. Potassium, sodium, and ammonium ions cause 
an increase in the viscosity of the protoplasm. This effect becomes 
much more pronounced when the eggs are washed relatively free 
from the sea-water in which they occur normally. Even traces of 
sea-water markedly retard the coagulative action of potassium, 
sodium, and ammonium ions. This is apparently due to the 
greater adsorbability of the bivalent magnesium and calcium 
ions. 

If one arranges the cations in the order of their effect in 
decreasing the viscosity of the protoplasmic suspension in the 
interior of Arbacia eggs, one obtains the following series: 

Ca>Mg>K>Na>NH 4 ; 

This order is exactly the order of decreasing adsorbability (see 
books on colloid chemistry). It is thus apparent that the greater 
the amount of cation adsorbed, the more fluid is the protoplasm 
of the Arbacia egg. 

Some of the results of Heilbexustn ? 23 have been repeated 
in subsequent unpublished experiments (compare Heilbrunn ’25c). 
Particular attention has been paid to the action of calcium. 
There can be no question but that the calcium ion causes a de- 
crease in the viscosity of the protoplasm. But when Arbacia 
eggs are kept in solutions of isotonic calcium chloride for a long 
time, a secondary change often occurs. This involves a loss of 
pigment from the pigment granules, and eventually the egg 
undergoes a change which by embryologists is usually called 
cytolysis. As a result of these transformations, the egg becomes 
coagulated. In later chapters (chapters 13, 14), it will be shown 
that the loss of pigment from the pigment granules, or the 
breakdown of these granules in the Arbacia egg, always initiates 
a complicated series of reactions which result in the production 
of numerous characteristic vacuoles in the protoplasm and a 
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resultant complete coagulation. Apparently the first stage of 
this series of reactions depends on a reaction between pigment 
granules and free calcium. When eggs are placed in calcium 
solutions, the calcium as it enters the egg is first bound or adsorbed. 
However, when enough calcium has entered, a reaction with 
pigment granules occurs and an entire series of changes follows. 
Curiously enough, it was found that the behavior of the eggs 
was very different depending on whether or not they were washed 
in sea- water following removal from the ovary. If eggs were 
not washed and were placed directly from the ovary into calcium 
chloride solution, for many hours they showed only a lique- 
faction of the protoplasm. If however they were thoroughly 
washed in sea-water and were then placed in an isotonic calcium 
chloride solution, there was a much greater tendency for the 
so-ca led cyto ytic changes to occur. The reason for this difference 
in behavior is not known. Perhaps a difference in permeability 
is responsible. Perhaps, as Heilbbttxx 5 25c suggested, a diffe- 
rence in the electric charge of the egg membrane may play 
a role. 

The fact remains that the primary action of calcium on 
Arbacia egg protoplasm is to produce a decrease in viscosity. 
Experiments with the protoplasm of the protozoan Stentor gave 
similar results. In working with Stentor , it is not such a simple 
matter to deterniinine the concentrations of salt solution which 
are exactly isosmotic with the protoplasm, that is to say cause 
neither decrease nor increase in the volume of the cell. This 
is due to the fact that the Stentor cell is not spherical and it is 
therefore impractical to determine its volume. In studying the 
action of various chlorides on Stentor protoplasm, Heilbbunx s 23 
used concentrations of magnesium and calcium chloride of slightly 
lower freezing point than the solutions of sodium and potassium 
chloride with which they wore compared. It is therefore probable 
that the calcium and magnesium solutions wore if anything 
stronger osmotically than the sodium and potassium solutions. 
The solutions wore so chosen purposely. In general, the more 
dilute a solution, the more it tends to decrease the viscosity of 
the protoplasm (see p. 212). In the experiments of Heilbbuxx. 
it can hardly be assumed that the observed liquefying action 
of calcium chloride was due to the fact that it was present in 
lower osmotic concentration. 
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In the work on Stentor , sodium, potassium, lithium, and 
ammonium chloride were used in m/32 concentration, and magne- 
sium and calcium chloride were used in m/40 concentration. 
The salts were dissolved in water redistilled from an apparatus 
made of fused silica and quartz. The pH of the ammonium 
chloride and lithium chloride solutions was about 6.8, that of 
the other solutions about 8.0. It was found as a result of centrifuge 
tests that sodium, potassium, ammonium, and lithium chlorides 
all caused coagulation of the protoplasm. In solutions of these 
salts, there was no movement of granules through the Stentor 
cell, whereas in their normal culture fluid or in solutions of mag- 
nesium or calcium, chloride, the granules moved into one half 
of the cell when the protozoa were centrifuged. A more rapid 
coagulative action of the monovalent cations was observed 
when the cells were first washed free of the culture fluid. This 
was obviously due to the fact that the culture fluid contained 
calcium. By making centrifuge tests after exposure to various 
mixtures of ions, the relative effect of these ions on the viscosity 
of the protoplasm was measured. It was found that in the order 
of their liquefying or viscosity-decreasing effect, the order of 
the ions was as follows: 

Ca > Mg > Na > K > NH 4 . 

This order is practically the same as the one found for Arbacia 
protoplasm. The only difference is that the sodium and potassium 
ions have changed places. In view of the fact that the colloid 
chemists usually find no decided difference in the adsorption 
of sodium and potassium ions, this shift is of no importance. 

So far, we have considered the action of calcium, sodium, 
and other cations only on the interior protoplasm. The action 
of these ions on the surface membrane of the cell is quite different. 
The primary effect of calcium ions on the cell membrane of the 
Arbctcia egg is to make it brittle. It probably decreases in thickness, 
but this can not be observed under the microscope, for observations 
at the surfaces of cells are at best uncertain. That the membrane 
is actually more brittle following exposure to calcium, can be 
shown by experiments in which the egg is subjected to gradual 
pressure from above. The eggs are placed in a small drop of 
sea-water on a slide and then a large cover slip is placed over 
them. The distance between slide and cover-slip decreases and 
the eggs are gradually compressed. Under these conditions, 
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eggs in calcium chloride solution break through the membrane 
at lower pressures than those in sodium chloride. This is indicated 
bv the fact that the sodium chloride eggs do not break until 
they have suffered considerably more distortion. The extent 
of the distortion is determined by measuring the diameter of 
compressed egg discs. Sodium and ammonium ions in the absence 
of calcium cause a visible change in the membrane of the Arbacia 
egg. The membrane absorbs water and swells. At the same time 
it becomes sticky. The presence of calcium prevents this swelling 
of the membrane produced by sodium and ammonium ions. 
It should be noted that after long exposure to calcium, the 
membrane which was at first brittle, also swells and becomes 
sticky. These effects of various cations on the membrane of the 
sea-urchin egg were interpreted by Heilbrixnn ’23, 2oc, as 
indicating a negative charge of the colloidal particles of the 
membrane. It was thought that as the percentage of the calcium 
ion was increased, the charge on the colloidal particles diminished. 
This would then tend to cause closer approximation of the par- 
ticles and loss of water. Then on longer exposure to the calcium 
ion, the charge on the colloidal particles might be reversed, and 
then the membrane might swell in calcium chloride. Although 
possibly this explanation may be correct, it is not felt that it 
rests on as sure ground as the explanation of the effects of the 
various cations on the interior protop asm of the cell, and there 
is indeed some evidence that the colloidal particles of cell mem- 
branes are charged positively (see p. 180). 

In the previous discussion it has been assumed that the 
action of calcium, sodium, and other cations was due primarily 
to an effect on. the electric charge of the protoplasmic colloid. 
If this were the case, it is evident that trivalent cations should 
have a far more pronounced action than either calcium, or ma- 
gnesium ions. In experiments with inanimate colloids, it has 
often been shown that trivalent ions are perhaps thousands 
of times as effective as bivalent cations in altering the charge 
of suspensions and suspensoids. It became important therefore 
to discover whether or not trivalent cations had a marked effect 
on protoplasmic viscosity, and whether this effect was in accord 
with expectation. 

The first experiments with aluminum salts met with no 
success. The addition of aluminum salts to a solution always 
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produces a marked acidity, and this acidity is sufficient to cause 
coagulation of the protoplasm. As a matter of fact, practical y 
all of the aluminum experiments in the literature of plant and 
animal physiology are open to the objection that the results 
obtained were due more to the hydrogen ion than to the aluminum 
ion. Attempts were made to neutralize the acidity due to the 
hydrolysis of aluminum salt. Such neutralizations, when they 
were made in the presence of sea-water, always led to an abundant 
precipitation. The neutral or nearly neutral solutions had no 
effect on the protoplasm, almost certainly because all of the 
aluminum ion had been precipitated out of them. Fortunately, 
it was discovered that if small amounts of aluminum chloride 
w r ere added to solutions of pure sodium chloride rather than 
to sea-w r ater, the solution could be brought to a pH of 6 or more 
/without’ precipitation. A pH of 6 is without any observable 
effect on the protoplasmic viscosity, so that it is possible to work 
under these conditions. Why there is no precipitation of the 
aluminum in the presence of sodium, whereas precipitation 
occurs in the presence of sea-water, is not certain. Sodium alu- 
minate is soluble and calcium aluminate is very insoluble, but 
one w r ould hardly expect any formation of aluminates at a pH of 6. 
Aluminum chloride forms double salts with sodium chloride 
and perhaps this double salt formation is the important factor. 
It is hardly necessary to go into the chemical reasons one way 
or the other. The fact remains that in the presence of only sodium 
chloride, aluminum can be kept in solution without any strong acid- 
ity. This fact makes it possible to work with aluminum salts with the 
knowledge that one is studying only the effect of the aluminum 
ion and not the combined effect of aluminum and hydrogen ions. 

Once the method of work was discovered, results were easy 
to obtain. It was soon found that very dilute solutions of alu- 
minum chloride produced a very marked effect on the viscosity 
of the protoplasm of the Arbacia egg. Even a m/25,000 solution 
(in isotonic sodium chloride solution) w^as sufficient to cause a 
very pronounced decrease in the viscosity of the protoplasm. 
Solutions of cerium chloride behaved in the same way as those 
of aluminum chloride, except that somewhat higher concentra- 
tions had to be used to produce the same result. The primary 
effect of aluminum and cerium is thus to cause a decrease in the 
viscosity of the protoplasmic suspension. 
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However, after long exposure, especially if the eggs have 
been washed in sea-water before being placed in contact with 
the solutions containing aluminum or cerium, a secondary effect 
occurs. This is first indicated by a change in the appearance 
of the outer membrane of the egg. This membrane is at first 
brittle, but later it may absorb water, swell and become sticky. 
As soon as this happens, there is usually a coagulation within 
the egg interior. 

The account here given follows in general the preliminary 
note of Heilbruhn 5 25e. Perhaps at some time in the future 
a more complete record of the experiments will be published. 
From what has been said, however, it must be clear that the 
action of tri valent cations is in accord with the proposed theory. 
The first effect is certainly a decrease in viscosity. As the tri- 
valent ions enter the protoplasm slowly, they are probably 
adsorbed at the surfaces of the dispersed phase of the suspension, 
and this results in an increase in electric charge and a decrease 
in viscosity. But when the outer membrane of the egg is changed, 
the trivalent ions may enter too rapidly and they may then have 
an effect on the proteins of the dispers on medium. 

The experiments of Heilbrxjxx show clearly that in Arbacia 
protoplasm and in Stentor , various cations act in a manner 
exactly comparable to the way they act on an inanimate suspen- 
sion. There are complications, it is true, but the main facts seem 
plain enough. In general it is our claim, that aside from secondary 
reactions, calcium and magnesium tend to cause a decrease in 
protoplasmic viscosity as compared with potassium, sodium, 
and ammonium. We shall now proceed to see whether or not 
this point of view finds support in the literature. 

Perhaps the most striking evidence that sodium and potas- 
sium ions cause a coagulation of the protoplasmic suspension 
is found in the observations of Reznikoff and Chambers j 25 
and Chambers and Reznikoff ! 26. These* authors immersed 
amebae in solutions of sodium chloride and potassium chloride 
and they found that within relatively few minutes the granules 
of the ameba protoplasm clumped together and sank through 
the cell. The picture that is described and figured by these 
authors apparently is a typical coagulation picture, and yet 
they interpret their results as showing a decreased viscosity or 
a liquefaction of the protoplasm. Surely, when particles of a 
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suspension aggregate and then fall, this is not due to a change 
in the viscosity of the dispersion medium. It is due to the fact, 
that in accordance with Stokes’ law, the speed of fall of a spherical 
body through a fluid varies as the square of the radius. As the 
particles of an inanimate suspension, or as the granules of ameba 
come together, they form a larger aggregate and this because 
of its greater size, falls rapidly. From Stokes’ law it can be 
shown that, on any assumption as to the magnitude of the ab- 
solute viscosity of the protoplasm of the ameba, on any reasonable 
assumption as to the magnitude of the specific gravity of the 
granules, these granules of the ameba cell could not possibly 
fall at even approximately the rate observed by Chambers and 
Reznikoff, if the} 7 fell singly. Indeed these authors describe 
a clumping of granu es, and the clump remains at the bottom 
of the cell for an indefinite period of time. In all the literature 
on the colloid chemistry of protoplasm there is perhaps no 
clearer case of coagulation. 

That sodium and potassium produce coagulation of ameba 
protoplasm is also indicated by the fact that these ions are far 
more toxic than the ions of calcium and magnesium. Thus, 
according to Chambers and Rezxikoff ’25, amebae will live 
for 24 hours in m/6.5 magnesium chloride and for about 5 hours 
in m/6.5 calcium chloride, whereas they die within an hour in 
m/6.5 sodium chloride, and they die within an hour in solutions 
of KC1' as dilute as m/104. Whenever death occurs in solutions 
of sodium or potassium salts, this death is accompanied by a 
clumping and sinking of granules. Amebae will live for three 
days or more in solutions of m/13 MgCl 2 or m/26 CaCl 2 , so that 
it seems probable that in solutions weak enough to be without 
osmotic effect, ameba will live indefinitely in pure calcium or 
magnesium solutions. 

Rezkikoff and Chambers and Chambers and Rezkikoff 
also describe experiments in which they injected solutions of 
calcium, sodium, and other salts into the protoplasm of ameba. 
In these experiments too, the sodium, and potassium ions caused 
a sinking and clumping of granules. Evidently under these 
conditions also, the sodium and potassium ions produce coagu- 
lation. Chambers and Reznikoff are of the opinion that the 
injection of calcium into the ameba protoplasm causes a coa- 
gulation. This may very possibly be true. Ordinarily when cal- 
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cium enters a cell, it enters slowly and it is adsorbed as soon 
as it enters. The injection of calcium salt into a cell would expose 
the protoplasm to free calcium ions. In a later chapter (chap. 14), 
it will be shown that free calcium initiates a complicated series 
of reactions in protoplasm, the end result of which is a coa- 
gulation*. 

The observations of Cholodny ’23 are similar to those of 
Chambers and Reznikoef and they show very clearly that 
sodium and potassium ions have a coagu ative action, and that 
further this coagulative action is prevented by the presence of 
calcium ions. Cholodny studied the root hairs of Tficviieci hogo- 
iensis, an aquatic plant. He placed pieces of roots in glass dishes 
and found that they could live for a long time (over 24 hours) 
in water doubly distilled from glass. They also live as long as this 
in solutions of calcium chloride or other calcium salts, and this 
is not due to a failure of the calcium to enter the cells (see below). 
But when the roots are placed in solutions of sodium or potassium 
salts, coagulative changes can be seen to occur in the protoplasm, 
and death follows. Cholodny’s description of these changes 
is very clear and it is here given in his ow T n words. “Wenn wir 
aber die Wurzelhaare in KCl-Losung oder in die Losung eines 
anderen K-Salzes bringen, so kornien wir nack einer gewissen 
Zeit (die von der Salzkonzentration abhangt aber stets schneller 
als in einer Stunde) folgende interessante Erscheinung beob- 
aehten. Die Plasmabewegung wird immer langsamer. als ob 


* Mast ’28 reports experiments on the effect of salts on ameba. 
His results do not agree 154 fully with those of Chambers and Rezxx- 
koff. Brin ley ’28 b has studied the effect of salts on the viscosity of 
ameba protoplasm. He used the amplitude of Brownian movement as 
an index of viscosity, and observations were made almost immediately, 
within 2 minutes after entrance of the ameba into the solutions (personal 
communication). In sodium chloride the ameba appeared to increase in 
volume, owing to a dissolving effect on the plasma lemma (personal com- 
munication). In calcium and magnesium chloride there was probably a 
volume decrease, for the solutions used were apparently hypertonic. 
When the ameba volume increases there is more room for Brownian 
movement, and when it decreases there is less. This is probably an 
explanation of Brinley’s results. It would be hard to assume that the 
salts could diffuse far into an ameba within 2 minutes. Note added 
to proof. 
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dies durch ViskositatsvergroBerung verursacht ware, mid zu- 
gleich 1st an der Haarspitze (selten an anderen Stellen) eine 
Anhaufung des Protoplasmas zu beobachten, welches hier bald 
ein festes Gerinnsel bildet. Dieses Plasmagerinnsel hat gewohn- 
lich so groBe Dimensionen, daB es sogar mit Hilfe einer Lnpe 
zu sehen ist, wobei es als trubweiBes Kliimpehen, welches den 
peripheren Teil der Zelle ausfxillt, erscheint. Diese Erscheinung 
ist als allmahliche Plasmagerinnung zu betrachten: bald darauf 
folgt der Tod. In n/20 KCl-Losungen starben alle Haare gewohn- 
lich nach 30 — 40 Minuten ab.” No one reading Cholodny’s 
description could doubt that the potassium ions cause a coa- 
gulation of the protoplasm of Trianea root hairs. If a little calcium 
chloride is added, eoagulative phenomena are never seen. Further- 
more, if a root hair in which the potassium ion has already begun 
to produce its effect is placed in a solution containing calcium, 
either in a pure solution of a calcium salt, or in a solution of 
potassium chloride plus calcium chloride, then after a time there 
is a liquefaction of the coagulum, and a renewal of protoplasmic 
streaming. The coagulum does not always disappear wholly, 
at times a small part of it remains. From CholodnyY account 
it is certain that the potassium ion produces a coagulation within 
the protoplasm of the root hairs of Trianea. Cholodny states 
that sodium, lithium, and ammonium behave in similar fashion. 
Potassium and ammonium have a more pronounced effect than 
sodium. It should be particularly noted that even after coagu- 
lation has been nitiated by the potassium ion, this may be' 
reversed by immersion of the roots in a solution containing cal- 
cium. Obviously the calcium must enter the cell to produce 
this effect, at any rate this is certainly highly probable. 

Another clear case in which the sodium ion causes coagu- 
lation and the calcium ion liquefaction is provided by the experi- 
ments of Weber ’24d. Weber treated filaments of Spirogyra 
ortJiospim with solutions of calcium and with a solution of sodium 
chloride for long periods, and then tested the protoplasmic 
viscosity both by the centrifuge method and by the plasmolysis 
form method. Both methods gave consistent results, and it is 
evident that in this type of protoplasm the sodium ion causes 
coagulation, the calcium ion liquefaction. Weber’s experiments 
are recorded in the following table. 
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Action of salts of calcium and sodium on the protoplasmic vis- 
cosity of Spirogyra ("Weber 5 24d) 


Salt. All salts 
in m/10 
solution 

Length of 
exposure 

Type of 
plasmolysis 

j Readiness with which 
! chloroplasts move on 
| centrifugal treatment 

Ca(N0 3 )» 

20 hours 

[ ~~ 

convex 

! chloroplasts move readily 

Ca(N0 3 )o 

4 da vs 

convex 

j chloroplasts move readily 

Ca(N0 3 ) a 

5 days 

convex 

1 chloroplasts move readily 

CaCl 2 

3 days 

convex 

! chloroplasts move readily 

CaCL 

8 day s 

| : 

convex 

! chloroplasts move very 
| readily 

KaCl 

30 hours 

“Krampfplas- 

j chloroplasts move with 


molyse” 

1 great difficulty 

Tap water 

controls 

angular 

(“eckig”) 

! chloroplasts move with 
| difficulty 


The table shows that calcium solutions cause a decrease 
in the viscosity of the protoplasm of the treated cells as compared 
with that of the controls in tap water, and that a sodium chloride 
solution has the opposite effect. It should be noted that the 
calcium chloride solutions were stronger osmotically than the 
sodium chloride solution, but this would tend to make the proto- 
plasmic viscosity higher not lower, as was actually found to be 
the case (for effect of hypotonieity see p. 212). 

In his paper, Weber cites Hansteen Channer T9 as having 
shown that plasmolysis by a potassium chloride solution is uneven 
or angular, whereas when cells are plasmolyzed by a calcium 
chloride solution, the boundary of the cells is smooth, that is to 
say the plasmolysis is convex. Hansteen Cranner worked 
with the epidermis cells of the scales of the onion. His figures 
are very beautiful and show clearly two different types of plasmo- 
lysis. Cholodny ’24 also found in onion cells an irregular or 
“eckig” plasmolysis following plasmolysis with sodium chloride 
solutions. But Weis ’25 and Prat ! 26 working with the same 
material, but apparently unaware of the older results, both found 
that when the onion cells were plasmolyzed in ammonium, po- 
tassium, or sodium chloride solutions, the surface of the cell 
was smoother, i. e. more convex than when plasmolysis occurred 
in calcium chloride solutions. This divergence of results is pro- 
bably not hard to explain. Hansteen Cranner compared 
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normal solutions of potassium and calcium chloride. In his experi- 
ment, the potassium chloride solution was the stronger osmoti- 
cally. Weis on the other hand used solutions of equal molarity, 
and in his experiments the calcium solution was stronger than 
the solutions of sodium, potassium, and ammonium, chloride. 
Brat gives the concentrations of his solutions in percents, but 
apparently he too used stronger solutions of calcium chloride*. 

As a matter of fact, all of these experiments in which the 
cells are placed directly in the plasmolyzing solutions are pro- 
bably of little value as a source of information regarding the 
viscosity of the protoplasm in the interior of the cell. The cell 
plasmolyzes before the calcium and • sodium ions have time to 
penetrate into the interior and produce a result. It is to be noted 
that in Weber’s experiments he treated the Spirogyra cells 
a long time with the salt solutions before he subjected them to 
plasmolysis. 

The experiments of Chambers and Reznikoee, those of 
Cholodny, and those of Weber, all support Heilbrton’s 
claim that calcium ions cause decreased viscosity of protoplasm, 
and that sodium, potassium, and ammonium ions have the 
opposite effect. There is thus direct evidence, not only for sea- 
urchin eggs and for Stentor protoplasm, but also for the protoplasm 
of Ameba, for the root hairs of Trianea bogotensis, and for the 
protoplasm of Spirogyra , that this view is correct. 

There is also some indirect evidence. Scarth ’24a, 24b, 
described some visible changes in Spirogyra cells following treat- 
ment with various bivalent and trivalent cations. These he 
regards as indicative of an increase in fluidity. Such an inter- 
pretation would accord very well with the point of view expressed 
in the preceding pages, but unfortunately Scarth’s reasoning 
is not very convincing. In the first of his two papers, 
Scarth mentions the fact that “Ba was found to produce rapid 
streaming of protoplasm in the case of the onion”, and he also 
cites Seieriz ’22, who found that strontium stimulated proto- 
plasmic streaming in Elodea cells. The fact that these bivalent 
ions favor a rapid rate of protoplasmic streaming is consistent 

* Tatsachlich * spielt imierhalb eines bestimmten Konzentrations- 
bereiches die Konzentration des Plasmolytikums eine entscheidende Rolle 
fur das Zustandekommen der Plasmoly sef orm . Note written by E. Weber. 
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with the idea that they cause a decrease in protoplasmic viscosity, 
although of course the effect of the ions may be on the motive 
force of the streaming. 

Unfortunately there have not been many experiments on 
the effects of various cations on protoplasmic streaming. The 
experiments of Seifriz ’23b are not entirely satisfactory, for he 
compares the action of 0.128 M CaCl 2 with that of 0.128 M NaCi, 
and these solutions are not isosmotic as he believes them to be. 

Kaho ’21b, 24a, has performed many interesting experiments 
on the effects of various salts on plant cells. In these experiments 
the salts are used in relatively high concentration, and their 
toxic action is compared by noting how soon the cells are killed. 
In order to determine the death point, Kaho treats the cells 
with a plasmolytie agent. If they plasmolyze, they are considered 
to be still alive; if they fail to plasmolyze, they are dead. It 
seems probable that the failure of a cell to plasmolyze is the 
result of coagulation of its protoplasm. We can therefore interpret 
Kaho’s results in this fashion. Kaho ’2 lb found that when 
Tradescantia cells were exposed to 0.2 n solutions of potassium, 
ammonium, sodium, strontium, magnesium, barium, and calcium 
chloride, death occurred much more rapidly in the solutions 
of salts with monovalent cations, than in those with bivalent 
cations. Thus in the potassium chloride solution, almost half of 
the cells were dead after 4 hours, whereas even after 20 hours, 
all of the cells exposed to the calcium chloride solution were 
still alive. It should be pointed out however, that the solutions 
of salts with bivalent cations are weaker osmoticallv , and that 
this may be an important factor. Kaho believes his results are 
due to differences of permeability, and this may very well he true. 
An alternative interpretation is that the bivalent cations do not 
cause coagulation, whereas the salts of the monovalent cations do. 
In this connection it might be worth mentioning that since 
1804 it has been known that the roots of bean plants can live 
indefinitely in solutions of pure calcium chloride, although they 
are killed or injured in weaker solutions of various other salts 
(Wolf 5 04). In more recent years, this knowledge has been ex- 
tended for many other types of roots by Haxstee'n Cranxer TO, 
T4, ’22. This author finds that calcium chloride is non-toxic 
even when it is present in what he considers the relatively strong 
concentration of n/5 0. Obviously in these experiments the cal- 
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cinm enters the cells of the roots, for the plants live for indefinite 
periods in the solutions of calcium salts*. 

In view of the work of Hansteen Cranner and of the older 
■work of Wolf and others, it is rather surprising to find that 
Addoms claims that the calcium ion has a toxic effect on the 
root hairs of the wheat plant after only ten minutes exposure. 
Hansteen Grander, Wolf ’64, Boehm ’75, all found that the 
roots of various plants could live for indefinite periods when 
exposed to calcium. Addoms after 10 minutes finds a toxic 
effect, which is indicated by a coagulation of the protoplasm 
of the root hair. The explanation is not far to seek. Addoms 
used a n/10 solution, and this was evidently too strong osmotically. 
This explains why the solutions exerted an action within 10 mi- 
nutes. One could hardly expect calcium ions to diffuse deeply 
into the protoplasm within 10 minutes. Addoms also finds 
coagulative changes following exposure to n/10 solutions of 
sodium, potassium, magnesium, zinc, and aluminum salts. In 
all of these cases the effect may be due to the osmotic action 
of the solution. However, in the case of the zinc and aluminum 
solutions, the high concentration of hydrogen ions probably 
played a part. 

The work that we have considered so far, with the exception 
of that of Addoms, has favored the view that calcium ions tend 
to produce liquefaction or decreased viscosity of the protoplasm, 
and that sodium and potassium ions have the opposite effect. 
We shall now consider two sets of experiments which do not 
fit in with this conception. 

Ettisch and Jochims ’27 a studied the appearance of nerve 
fibers of the frog in the darkfield, using a cardioid condensor. 
The work seems to have been very caref ully done, and the photo- 
graphs are excellent. Unfortunately the nerve fiber is surrounded 
by two sheaths, and the outer of these sheaths gives a very bright 
image under darkfield illumination. Under such conditions, 
observation of the interior of the fiber can scarcely be very ac- 
curate. One need only be reminded of the warnings of Gaidh- 


* For other experiments on the effect of various ions on the growth 
of plant roots, and for many useful references to literature, see Mevius ’27. 
Mevius studied the effect of different salts at various hydrogen ion con- 
centrations. 
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kov HO and Price H4 against the use of such material for dark- 
field study (see p. 38); Shiwago 5 26 found the nucleus of leuco- 
cytes optically empty in darkfield, whereas structures were 
visible in it in the brightfield. This he rightly attributes to the 
brightness of the nuclear surface which renders observation of 
the interior impossible. It is readily understood why Ettisch 
and Joohxms find the interior of normal nerve fiber optically 
empty in spite of the fact that there are doubtless visible colloidal 
micellae there, just as there are in all other types of protoplasm. 
The appearance of brightness within the fiber may be due either 
to the appearance of a new phase, or to a change in the optical 
relations which permit more light to enter the fiber. Ettisch 
and Jochims report that in the presence of calcium salts, the 
interior of the fiber becomes brighter, and they regard this as 
evidence of coagulation. But they state, and their pictures show, 
that the calcium ion has a marked effect on at least one of the 
sheaths of the nerve fiber, and the increased brightness might be 
due to this factor alone. 

Finally we shall consider the peculiar results of Timmel ? 27. 
This author studied rather a wide variety of plants, but in parti- 
cular Galthct palustris and Monarda didyma . He studied stems 
and sections of stems, and determined viscosity by the centrifuge 
method. When the stems are centrifuged, ordinarily there is 
no movement of chloroplasts, but when the cells are exposed for 
a short time (5 minutes) to a half molar solution of potassium 
chloride, then the chloroplasts move through the cell when the 
plant tissues are centrifuged. Potassium nitrate seems to produce 
the strongest effect, potassium chloride and sulphate have a less 
pronounced action. Ions of sodium, lithium, magnesium, barium, 
and calcium, have no noticeable influence. It must be admitted 
that these results are very unexpected and one is at a loss for an 
explanation. One -would expect that if potassium had a lique- 
fying action, sodium would likewise have such an action. 

Let us examine Timmel’s experimental evidence a little more 
closely. In the first place, it is noteworthy that he used solutions 
which plasmolyzed the cells. He states however that solutions 
which did not cause plasmolysis, 0.4 n or weaker, also have the 
same effect. How much weaker the solutions could be and still 
prove effective, Timmel does not state. But he does state that 
0.1 n potassium nitrate solutions are ineffective. If the action of the 
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salt is due solely to an effect of the potassium ion, one is tempted 
to inquire why these weaker solutions do not alter the viscosity 
after sufficiently long exposure. Timmel exposed the tissues 
to a 0.1 n concentration of the salt for 24 hours. After 24 hours 
exposure to 0.1 n KC1, probably more 23otassium ion would 
penetrate the cells, than after 5 minutes exposure to 0.5 n KOI. 
Another interesting fact regarding Timmel’s experiments is that in 
some months of the year the potassium is without an effect unless 
it is combined with another plasmolytic agent such as cane sugar. 

From these considerations it seems probable that the peculiar 
results of Timmel are due as much to the abnormally high con- 
centration of the salt as to the specific effect of the potassium ion. 
But it is nevertheless very remarkable that hypertonic solutions 
of potassium salts can cause a decrease in viscosity, for in proto- 
plasm generally, decrease in water content of the cell is accom- 
panied by increase in viscosity. 

It seems certain that Timmel’s results are peculiar to certain 
types of protoplasm, and can not hold generally. He found that 
relatively concentrated solutions of potassium salts, but not 
sodium salts, made it possible for the chromatophores of certain 
plant cells to be more readily moved by centrifugal force, when 
the experiments were performed at some seasons of the year 
rather than others. Perhaps the potassium salts react, in some 
peculiar way with constituents of the plant protoplasm. But 
there is also another type of explanation which is possible. 

From Timmel’s single figure, it seems that the chromato- 
phores of the cells he studied are close to the outer boundary 
of the cell. Perhaps in this position they may under certain 
conditions be anchored to this membranous boundary. If large- 
granules or chromatophores are anchored to the outer membrane 
of a cell, one could hardly expect them to be moved by centri- 
fugal force. Thus HeilbbtjNN ’20 a found that in the sea-urchin 
egg, at times when the protoplasm in general was of low viscosity, 
the pigment granules might assume a position close to the outer 
membrane and there resist movement following centrifugal 
treatment. In plant cells also, a slight movement of chromato- 
phores away from the outer boundary of the cell might make 
them much more readily movable by centrifugal force. 

In view of the fact that the size, the shape, and the position 
of the chromatophores within plant cells are profoundly modified 
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bv all sorts of external conditions, it is perhaps unsafe to use the 
movement of chromatophores or their failure to move when 
cells are centrifuged, as any index of the viscosity of the proto- 
plasm unless at least one can he certain that the conditions ot 
the experiment have no effect on the position of the chromato- 
phores within the cell. Sene ’08 has gathered together a great 
mass of evidence concerning the movement of chromatophores 
under different conditions. It is interesting to note that Kuster, 
in whose laboratory Timmel’s work was done, himself reports 
movement of chromatophores away from the outer wall of plant 
cells under the influence of solutions more concentrated than 
the normal environment, but not concentrated enough to cause 
plasmolysis (see Kuster ’05) . 

In the discussion up to this point, we have considered only 
those authors who have attempted a physical study of the action 
of salts on protoplasm. In the literature, and particularly m the 
older literature, many writers expressed opomons as to the 
effect one salt or another might have on the colloidal state of 
the protoplasm. Some of these opinions were based on guesses, 
some on analogy, and others were arrived at after the authors 
had looked at cells immersed in various salt solutions. Thus 
Greeley ’04 from morphological appearances attempted to distin- 
guish coagulation and liquefaction in paramecium after this proto- 
zoan had been exposed to different solutions of salts. The figures 
Greeley draws are not very convincing, nor do his conclusions 
appear very probable. Thus for instance he is of the opinion 
that m/40 KC1 coagulates the protoplasm, whereas to m/40 NaCl 

he ascribes a liquefying effect. 

Seek ’20 experimented on the action of various salts on 
paramecium. He found that LiBr, LiCI, and KSGN caused the 
paramecia to increase in volume and he attributed this effect 
to a direct swelling action on the colloids of the protoplasm. By 
actual viscosity measurement, it can be shown that lithium salts 
cause a coagulation, that is to say a great increase in viscosity 
in the protoplasm of the protozoan Stentor (see above), and also 
in the protoplasm of paramecium (unpublished experiment of 
Mr. L. G. Barth). Very frequently the increase in volume of 
cells is accompanied by coagulation. 

In 192.1, Seek studied the effect of various salts on the proto- 
plasm of Actinosvhaerium, and he describes certain types of 
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morphological change which he regards as significant of colloidal 
change. In this as in all of his papers, Spek makes the error of 
assuming that equimolar solutions of sodium, and calcium chloride 
are isosmotic. In observations on the protozoan parasite Opalina . , 
Spek ’23 a finds that the addition of rather large mounts of 
0.3 M calcium chloride causes shrinkage of the Opalina cells, 
whereas the addition of 0.3 M sodium or potassium chloride 
apparently has no such effect. Quite apart from any specific 
action of ions, it should be clearly understood that a 0.3 M calcium 
chloride solution is almost one and a hah times as strong osmo- 
tically as a sodium chloride solution of the same molar concen- 
tration. If one were to assume a relative impermeability of the 
calcium ion, as Spek does, the calcium chloride solution would 
be even stronger osmotically as compared with the sodium chlo- 
ride solution. It is not probable that all of the effects described 
by Spek are due to the osmotic differences of the solutions he 
used, but it hardly seems worth while to attempt to interpret his 
morphological data, complicated as they are by his misunder- 
standing of osmotic relationships. 

Giersberg’s studies of the action of salts on the protoplasm 
of ameba are in the same category as those of Spek. He too com- 
pares solutions of equimolar strength. In one of the two tables 
in which he compares the action of sodium and calcium chlorides, 
he finds that m/20 calcium chloride leaves the protoplasm per- 
fectly normal for 12 days, whereas m/20 sodium chloride causes 
the production of granulations and various other pathological 
changes in the protoplasm. In the other of the tw r o tables, m/20 
calcium chloride is shown to cause a rounding up of the protoplasm 
and death within two days, Giebsbebg’s comment is that one 
could hardly expect to get the same result each time ! According 
to Rezkikoee and Chambers ’25, amebae can live for at least 
three days in m/26 calcium chloride. 

In resume, it may be stated that the work of Heilbrunh, 
Chambers and Reznikoee, Cholodny, and Weber all shows 
clearly that for various types of protoplasm, sodium, potassium, and 
ammonium ions cause coagulative changes, and that these changes 
are prevented by the ions of magnesium and calcium, which tend 
to have the opposite effect. The work of these authors rests on 
a safe, sure basis and can hardly be challenged. In addition, there 
is some indirect evidence that is in harmony with the above 
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thesis. On the other hand, there is apparently no reliable experi- 
mental evidence that is in conflict with it. In the future, it 
may perhaps be shown that some types of protoplasm behave 
very differently from the protoplasm of sea-urchin eggs, Sientor , 
Trianea, ameba, and Spirogyra. This is quite possible, for It 
may be true that some types of living material have colloidal 
particles charged differently from those of the cells we have 
considered. But at the present time there is no direct evidence 
that this is so. 

It should be remembered that our statement regarding the 
effect of sodium, calcium, and other similar ions on the proto- 
plasm is only true for the protoplasm of the interior of the cell. 
Moreover it should also he noted that the primary effect of these 
ions may be complicated by secondary effects, such as we have 
described for calcium in the case of the sea-urchin egg. 

There has been very little study of the action of anions on 
the colloidal properties of living protoplasm. In the sea-urchin 
egg such study would not be easy. Various anions, iodides for 
example, cause changes in the osmotic membrane of the egg, 
and these changes result in a large increase in the volume of the 
cell. When sea-urchin eggs are placed in solutions of sodium iodide 
which at first appear to be isosmotic, after a time the cell takes 
up a considerable quantity of water, and the colloidal changes 
of the protoplasm are due as much to this water intake as to 
any specific effect of the anion. 

Kahg ? 21b exposed sections of Tradescantia leaves and of 
red cabbage to various salts of sodium, potassium, and ammonium. 
Not only the cations, but the anions as well differed in their 
effect on the cells. Kaho studied the time required for the cells 
to be killed in the different solutions, using as an index of death, 
the failure of the cells to plasmolyze when treated with hyper- 
tonic solutions. Such a failure to plasmolyze is probably, as 
Kaho supposes, evidence of coagulation. Kaho found that the 
order in which the various anions favored coagulation was the 
following : 

CNS > I > Br >N0 3 >C1 > Tartrate > Citrate >S0 4 . 

In his experiments, Kaho compared equinormal solutions, so that 
the solutions of tartrate, citrate, and sulphate were much weaker 
osmotically than the other solutions. This may be a factor to be 
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considered, for apparently Kaho generally used hypertonic 
solutions. It is understandable, therefore, why tartrate, citrate, 
and sulphate are less toxic than the other salts. The salts of 
monovalent anions were used in approximately isosmotie concen- 
trations, so that the results with these salts are more interesting. 
From Kaho ? s results it seems possible to conclude that the sul- 
phocyanate ion and the iodide ion have a much stronger coagu- 
lative action than the chloride ion. This is readily understandable 
on the theory that we have proposed. The sulphocyanate ion 
and the iodide ion are known to be more readily adsorbed than 
the chloride ion and hence they would have a greater effect in 
neutralizing the positive charge of the protoplasmic suspension. 
Kaho himself believes his results are explainable on the basis 
of differential permeability, the ions which penetrate most rapidly 
causing death or coagulation soonest. This seems a perfectly 
possible alternative interpretation. 


CHAPTER X 

THE ELECTRIC CHARGES OF PROTOPLASM 

In any colloid the electric charge on the colloid particles or 
micellae is of great importance. More than anything else., it is 
this charge that keeps the particles from coalescing. When the 
charge is neutralized, the particles form larger aggregates, and. 
these settle out of solution. Of the two main types of colloidal 
solutions, the lyophobe colloids are even more dependent for their 
stability on the electric charge of the dispersed particles than 
are the lyophile colloids. 

On the basis of its colloidal behavior, protoplasm really 
has more in common with lyophobe colloids than with lyophile 
colloids. This is readily understandable when we remember that 
protoplasm is actually a suspension (see p. 20). Obviously one 
of the most important problems in the study of the colloid 
chemistry of protoplasm is the determination of the sign of the 
electric charge on the colloidal particles of the protoplasm. 

A colloidal solution may have particles with a positive charge 
or with a negative charge. For the colloid chemist who deals 
with inanimate colloids, it is usually a simple matter to decide 
whether the colloid he is studying is of the one type or the other. 
The colloidal solution is placed between suitable electrodes, and 
from the migration of the particles either to the anode or to the 
cathode, the sign of the charge can be determined. For the 
biologist the problem is not so simple. If he attempts to study the 
cataphoresis of living protoplasm, he must follow the movements 
of the colloidal particles not in any container of his choice, but 
within the cell. Every student of cataphoresis knows of the com- 
plicating effect of the wall of the cataphoresis chamber. If colloidal 
particles travel in one direction through the center of a cata- 
phoresis chamber, they may travel in the opposite direction along 
the walls, for there they are carried by the dispersion medium 
which can move in a direction opposite to that of the colloidal 
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particles. If the wall of a living cell is charged electrically, as it 
probably is, there would be a tendency for dispersion medium 
to flow along it. But this is not the only difficulty, or even the 
chief difficulty. When one passes an electric current through an 
inanimate colloid, there is no coagulation or other disturbance 
except in the immediate vicinity of the electrodes. But when 
even relatively weak currents are sent through living cells, there 
is a practically instantaneous coagulation of the entire proto- 
plasm (see p. 131). Such a coagulation would of course prevent 
any cataphoretic movement of the colloidal particles of the proto- 
plasm, or it might very well bring about a reversal of the normal 
charge. 

From what has been said, it is obvious that any evidence 
regarding the cataphoretic migration of protoplasmic granules or 
colloidal particles must be viewed critically and carefully. 

Fortunately the colloid chemist also has a second method 
which makes it possible for him to determine the electric charge 
of a colloid without the use of an electric current. This second 
method is particularly applicable to suspensoids and suspensions. 
It can therefore be used for the protoplasmic suspension. The 
principle of the method is simple enough. In recent colloid chemi- 
cal theory it is generally assumed that the charge on the colloidal 
particles is primarily due to adsorbed ions. It is well known 
that bivalent ions are adsorbed more readily than monovalent 
ions, and that trivalent ions are. adsorbed far more readily than 
bivalent ions. If then bivalent or trivalent cations are added to 
a colloid, they will tend to neutralize the charge on the colloidal 
particles and produce precipitation if this charge was originally 
negative, whereas if the charge was originally positive, they will 
have no such effect. On the other hand bivalent and trivalent 
anions tend to precipitate positively charged colloids. For details 
concerning the use of this method, various books on colloid chemi- 
stry may be consulted. 

Analyses of living cells typically show an excess of bivalent 
cations over bivalent anions (see p. 25). Thus protoplasm usually 
contains more calcium and magnesium ion than it does sulphate 
ion. This is in itself an indication that the protoplasmic suspension 
bears a positive charge. Much stronger evidence however is ob- 
tained when the protoplasm is exposed to the action of various ions. 
Normally in the cell there is a mixture of monovalent and bi- 
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valent cations. If we expose cells to pure solutions of salts with 
monovalent cations, i. e. sodium or potassium or ammonium, the 
amount of bivalent cation adsorbed on the surfaces of the colloidal 
particles or granules of the protoplasm is decreased. If the charge on 
the protoplasm were negative, this would have no effect or would 
favor liquefaction. As a matter of fact, the sodium, potassium, 
and ammonium ions produce a coagulation of the protoplasmic 
suspension in all cases in which accurate data have been obtained 
(see previous chapter). Hence, from this fact, and from the 
fact that the addition of calcium or magnesium ions produces 
liquefaction as a primary effect, we may conclude that the charge 
on the granules of the protoplasmic suspension is positive. Just 
as in the case of inanimate colloids, the action of tri valent ions 
is far more potent than that of bivalent ions, so too in protoplasm 
the trivalent ions aluminum and cerium are extremely effective 
in producing a liquefaction of the protoplasm (see p. 151). 

We are thus led to the conclusion that the colloidal particles 
of the protoplasmic suspension, or the granules, bear a positive 
charge. This is an extremely important conclusion, and we can 
hardly he content with one line of evidence. The protoplasmic 
colloid is far more complicated than any inanimate colloid, and 
the chances of errors of interpretation are proportionately so 
much greater. In the pages that follow, therefore, we shall attempt 
to see whether or not the assumption of a positive electric charge 
on the colloidal elements of the protoplasm is in harmony with 
various known facts of cell physiology . 

In the first place we shall try to assemble all the known 
experiments on the cataphoresis of the protoplasm in the interior 
of living cells. The literature on this subject is more extensive 
than is generally thought. At first sight it appears inconsistent, 
for whereas some authors have described a migration of proto- 
plasmic particles toward the cathode, others have described a 
migration toward the anode. Fortunately, a critical survey of the 
literature seems to indicate that there is no contradiction between 
the results of the different investigators. 

The study of the cataphoresis of protoplasm is as old as the 
study of cataphoresis itself. In what appears to have been the 
first clear-cut description of cataphoresis, Jukgensun j 60 studied 
the migration of carmine particles and of lycopodium powder in 
an electric field. In the same paper, Jubgenseh also reported 


THE ELECTRIC CHARGES OF PROTOPLASM 


169 


some experiments on the effect of an electric current on the proto- 
plasm of the leaves of Vallisneria. In his description of his results, 
Jurgen sen states that the current first killed the cells, and that 
then the protoplasm migrated to the anode. This sort of experiment 
has been frequently performed by subsequent investigators, and 
it seems certain that after death the protoplasmic colloids have a 
negative charge. 

But of course we are more interested in the charge of the 
protoplasmic colloid during life. The first description of cata- 
phoresis of living protoplasm, is that of Kuhne j 64. On page 79 
of his classic monograph, Kuhne describes an experiment in 
which a constant electric current from six small Grove cells was 
passed through some myxomycete protoplasm. The electrodes 
were broad platinum plates, and they -were 4 mm. apart. As soon 
as the current entered the protoplasm, it caused a movement of 
granules toward the cathode. 

c Tm. Momente, wo ich die Kette schloB, fand eine ruckweise 
eintreten.de Beschleunigung der Kornchenstromung statt, welche 
vom positiven zum negativen Pole ge richtet war, wahrend die 
entgegengesetzt flieBende fur einen Augenblick stillstand oder 
auch etwas zuruckwich. Umkehrungen der Stromung von 
irgendw^elcher langeren Dauer konnte ich von dem konstanten 
Strom nicht erreichen; ich uberzeugte mich aber durch rasches 
Umwerfen einer in den Kreis geschalteten PoHLschen Wippe 
davon, daB die Erscheinung auf das J urg ENSSENsche Phanomen 
zuruckzufuhren sei. Jede Bewegung der Kornehen, die sich 
uberhaupt abhangig zeigte von der Richtung des elektrischen 
Stromes, verlief vom negativen zum positiven Pol. Ohne Zweifel 
haben wir es hier wirklich mit dem Jurgens SENschen Phanomen 
zu tun, denn eine entsprechende Kontraktion auf dem einen, 
bald auf dem anderen Ende der Myxomycete in Abhangigkeit 
von den Ein- und Austrittstabellen des E.- Stromes konnte nicht 
beobachtet werden.” 

In the above quotation, the reference is doubtless to Jur- 
gensen ’60, in spite of the difference in spelling, so that “JijR- 
GENSSENschen Phanomen” is equivalent to cataphoresis. In one 
respect, the quotation from Kuhne is ambiguous. After stating 
clearly enough that the electric current caused an acceleration 
in the movement of granules toward the cathode and a retardation 
of the granules moving naturally in the opposite direction, Kuhne 
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states that in order to make sure that the effect was due to the 
electric current he reversed the current and then found a move- 
ment of granules toward the positive pole. There is only one way 
to interpret this so as to make sense. It seems certain that after 
Kuhne reversed the current, the movement of granules was 
toward the pole which was originally positive. 

In the further discussion of his experiment, Kuhne is careful 
to note that there was no contraction of the protoplasm at the 
points where the current passed in and out. There was, it is 
true, a slight contraction at the make and break of the current, 
but this was equally evident at both positive and negative poles, 
and was not confined to the parts immediately in contact with 
the electrodes. Kuhne notes that the effect of the constant 
electric current on the movement of granules does not last; his 
electrodes are polarizable, and gradually the diffusion of sub- 
stances formed at the electrodes interferes with the phenomenon. 

Kuhne seems to have had a clear understanding of the 
conditions of his experiment, and it is probable that he actualh 
did see a cataphoretie movement of the protoplasmic granules 
toward the negative electrode, that is to say, the cathode. 

In 1876, Velten (’76 c) wrote a paper which is primarily 
concerned with the action of electric currents on protoplasmic 
streaming in various types of plant cells. In the summary of 
this paper appears the following statement: “Bei starken elek- 
trischen Stromen sammelt sieh das Protoplasma vorzugsweise 
gem an der positiven und negativenPolen zugekehrten Zellwand in 
Form von Flatten oder ellipsoidischen Korpern an. (Die Stromes- 
starken, welche eine Wanderung des Zellinhaltes nach dem 
positiven Pol hervorrufen, fibers teigen die S triune, die hier als 
sehr stark’ bezeichnet werden.)” Velten then goes on to say that 
the terms strong, weak, etc., are only in relation to the effects 
of the electric current on the protoplasm. Velten found that 
the protoplasm might wander either to the anode or the cathode, 
but that it was the very strong currents that caused a movement 
to the anode. From this one can infer that the weaker currents 
caused a migration toward the cathode. 

The observations of Velten are very interesting, for if the 
interpretation we have taken is the correct one. the results of 
Velten are exactly like those reported many years later by 
Habdy. V V;/ ■ V 
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In a short paper of only four pages, Hardy’ 13 brings forward 
what is apparently the most clear-cut evidence regarding the cata- 
phoretic migration and the electric charge of the internal proto- 
plasm of living cells. Hardy placed onion root-tips horizontally 
between non-polarizable electrodes, the final lead to the tissue 
being through some of the fluid in which the root had been grow- 
ing. A field having a mean value of 5 to 20 volts per centimeter 
was established for from 2 to 10 minutes, after which time the 
root was instantly fixed in a solution of acetic acid and absolute 
alcohol. Hardy did not attempt to determine the strength of the 
field to which the living tissue was really exposed, for there is 
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Fig. 6. Cataphoresis of protoplasm in cells of the onion root tip 
(after Hardy ’13). 

no way of knowing how T much of the current actually passed 
through the cells themselves. 

Hardy states that, “The results obtained w r ere decisive and 
consistent”. The protoplasm collected typically at the negative 
end of the cell, although sometimes it was condensed into an 
equatorial plate. This is shown clearly in A and B of Fig. 6, 
which is copied from Hardy’s paper. However, after prolonged 
exposure to a strong field, the protoplasm was condensed at the 
positive end of the cell as shown in C of the figure. To quote 
Hardy further, “The appearances in the cell substances are such 
as w r ould be due to the simple migration of colloid particles in 
a sol, that is to say of electrically charged particles distributed 
through a fluid. The sign of the particles being at first positive, 
they move towards the negative end of the cell.” Here reversal 
of the charge occurs, and the particles move in the opposite direc- 



172 


CHAPTER X 


tion*. Concerning Hardy's observations on the migration of 
particles within the nucleus, we shall speak later. 

Hardy's description indicates that the colloidal particles 
of protoplasm may reverse their charge after the passage of an 
electric current. It is not necessary to suppose, as he does, that 
the particles first move through the cell before the charge is 
reversed. In an earlier chapter (see p. 130), it was shown that 
in many types of protoplasm, electric currents cause coagulative 
changes. These coagulative changes may very well be associated 
with a loss of charge. If the original charge of the protoplasmic 
granules were positive, and this charge were lost following the 
passage of an electric current, it would seem likely that a negative 
charge would be assumed. In solutions near neutrality, most 
inanimate suspensions are charged negatively. 

The observations of Kuhne, Vbltbn, and Hardy all indicate 
that in weak electric fields there is a cataphoretic migration of 
protoplasmic particles toward the cathode, and their results 
speak for the positive charge of the colloidal elements of the 
protoplasm. Similar results w T ere apparently also obtained by 
Zeidler ’25. Hardy's results are especially instructive in that 
they serve as a. guide to the understanding of what might other- 
wise seem conflicting results. "With too strong currents, currents 
that produce coagulation of the protoplasm, it is easy to under- 
stand how it is possible for migration to occur in the opposite 
direction. 

Consider for example the results of Meier '21. This worker 
sent electric currents through the roots of onion, lupine, pea and 
bean plants. The pea roots were studied most. Instead of placing 
the root in a watery solution, as Hardy did, Meier attached two 
ends of the root to non-polarizable electrodes. The seedlings were 
held in position by glass forks in a moist chamber so that the 
current passed through the length of the root. An electric light 
current was used, the current actually passing through the root- 
being measured by a milliammeter. In Hardy ’s experiments only 
a small fraction of the current passed through the root tissue. In 


* It might be argued that the movement of the granules is due 
to the fact that they are carried by a current of water produced by 
eieetro-endosmosis. But this can scarcely be true, for according to Hardy 
the nucleus does not shift its position at all. 
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Meier’s experiments all the current went through the root. It 
is obvious that Meier used very much more powerful currents 
than those used by Hardy. He found indeed that after about 
30 seconds exposure to a current of 0.3 millianrperes, the root 
began to lose its normal color and became watery in appearance. 
After about two minutes, numerous fine droplets appeared over 
the surface about 3 — 6 mm. from the tip of the root. The root 
became very appreciably shorter. Meier himself states that the 
effects he observed were produced by currents just strong enough 
to cause death. In Meier’s experiments, the protoplasm was 
certainly coagulated. His results are therefore comparable to 
those obtained by Hardy with strong currents for relatively 
long exposure. For currents which produce death, Meier found 
a movement of protoplasmic particles toward the anode. 

There can be no question but that the currents used by Meier 
were too strong. Various other observers, from Jurgensex in 
1860 until the present, have also used too strong currents, so that 
their results give no information regarding the normal electric 
charge of the colloidal particles of living protoplasm. Verworx 
7 90 in studying the effect of electric currents on the plasmoclia 
of the myxomycete Aethalium septicum, found that the particles 
of the proto|3lasm might migrate either to the anode or the cathode 
if they migrated at all. He states that he could find no regu- 
larity in their behavior. From his description of his experiments, 
he seemed to have used stronger currents than Kuhne, for the 
electric current always caused a cessation of movement -when 
it was first passed through the protoplasm. Taylor ’25, in what 
is apparently a preliminary note, also reports observations on 
the cataphoresis of myxomycete protoplasm. He xised micro- 
electrodes in a small hanging drop. Taylor states that the 
visible granules moved toward the anode, but it is possible that 
he did not make a clear distinction between protoplasmic 
granules and ingested material. For he says that following 
Lister, (Ann. of Bot., vol. 2, p. 1), the granules may be filtered 
out with cotton. Lister himself found that only some ingested 
spores were so filtered, but that the true granules passed through 
the cotton. Taylor also observed ultramicroscopic particles 
and noted that they moved either toward anode or cathode. 
Unfortunately the conditions of the experiment were not very 
satisfactory. Microelectrodes have a great resistance, and the 
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heat produced might injure the protoplasm. Moreover, in tiny 
droplets of fluid, electro-osmotic currents might be important. 
Finally, Taylor does not state how the passage of the electric 
current affected the normal streaming of the plasmodium, so 
that it is not possible to compare his observations with the pre- 
vious observations of Kuhne and Verworn. Mc Clendon ’10 
figures a section of a hyacinth root through which a current 
of 0.5 milliamperes had been sent for 30 minutes. The proto- 
plasm has moved toward the anode. McClendon T4 states 
that both in animal and in plant cells there is a migration of 
“many substances of or in the protoplasm'’ toward the anode, 
but he does not state which cells he used in his experiments, or 
what strength currents. Koketstt ’23 seems to have used too 
strong currents. He sent 50 volts through the hair cells of Trade- 
scantia in air, and found a migration of cell contents toward the 
anode. In Kdketsu’s experiments, the current caused an imme- 
diate cessation of streaming, and evidently produced coagulation. 

So far we have discussed only the cataphoresis of proto- 
plasmic granules of plant cells . At the very end of the nineteenth 
century and at the beginning of the twentieth, many observers 
studied the effects of electric currents on protozoa. The physio- 
logical journals from 1896 to 1906 are full of papers which deal 
with this subject. Most of these papers are concerned primarily 
with the reactions of the animals and the behavior of the cilia, 
and there are unfortunately very few observations on the interior 
protoplasm. What there are, all favor the view that the colloidal 
particles of the protoplasm in the interior of protozoan cells are 
charged positively. 

Verworn ’89, ’90, ’96 a, describes the effects of electric 
currents on ameba protoplasm. During the passage of an electric 
current, the granules in the interior of the ameba all migrate 
toward the cathode. The figures in Verworn’s ’96 paper are 
especially clear. As a matter of fact, the observation has been 
confirmed by various other workers. Whereas it is certain that the 
movement of the granules of the ameba protoplasm toward the 
cathode is consistent wdth the idea that they bear a positive 
charge, it must not be overlooked that- this migration may very 
well depend on other factors. According to the leading theory 
of ameboid movement, the advancing pseudopodium of ameba 
has at its surface a region of lowered surface tension. It might 
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be thought that the electric current would cause a drop of surface 
tension at the cathodic side, and that the movement of the ameba 
would then correspond to the movement of a drop of mercury in 
an electric field, as studied by Christiansen* . However in order 
to assume such an effect of the electric current, we should have 
to suppose that the surface charge of the ameba cell was positive, 
and this is contrary to the evidence which we shall cite later, 




4~ -f- “f“ ~f~ 

Fig. 7. Effect of an electric current on the shape of paramecium, after 

Verworn ’96 

which indicates that the surface of living cells bears a negative 
charge (see p. 182). 

The studies of paramecium seem to give clearer information. 
In the ameba, the movement of the granules under the influence 
of the electric current was not distinguishable from the move- 
ment of the granules as it occurs during the normal movement 
of the animal. One can not be certain therefore whether the 
migration of the granules toward the cathode depends primarily 
on electric forces, or whether it is not an end result due to the 

* Christiansen 1903, Aim. d. Physik, 4 th ser., vol. 12, p. 1072. 
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movement of the entire animal. In the case of paramecium, there 
is no such difficulty. Before we examine the experimental evidence., 
let us inquire into the conditions of cataphoresis in the paramecium 
cell. Apparently this cell is full of granules. After long centri- 
fugal treatment, there is no observable move- 
__ ment of granules, (see p. 81). This is probably 

an indication that there is no room for the gra- 
nules to move, that they are too closely packed. 
What then can happen when we subject such 
a cell almost solidly full of granules to an electric 
field ? The granules are doubtless charged, and 
they would tend to move in one direction or the 
other. They would press against the wall on 
one side the cell, and if there were enough 
space between the granules, they would leave 
a small region at the opposite end of the cell 
totally free from granules. This is exactly 
what does happen in paramecium. Liibloff 
’95 sent electric currents through paramecia 
suspended in a gelatin gel to keep them motion- 
less. When currents of about 1 milliampere were 
used, the granular endoplasm of the cell pushed 
toward the cathode. On the passage of an electric 
current, the cell bulges toward the cathode, and 
when the protoplasmic granules have left the 
side of the. cell toward the anode, the wall in 
this region tends to collapse, thus resulting in 
the formation of a sharp point at the anode 
end of the cell. This is clearly shown in a 
series of diagrams taken fro m Verworn ’96 a. 
These are reproduced in Fig. 7. One of Litx>- 
loff’s figures is also shown in Fig. 8. 

If the paramecium cell is full of granules, 
and if these are positively charged, there is 
hardly any other way in which they could respond to the passage 
of an electric current than that shown in the figures. The evi- 
dence therefore is good that the granules of the paramecium 
protoplasm are actually charged positively. 

From our survey of the literature on cataphoresis in living 
cells, it seems not unfair to conclude that the weight of the evidence 
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favors the assumption of a positive charge on the colloidal par- 
ticles of the protoplasm. The observations of Ktjhre, Velten, 
'Hardy on various types of plant tissue, together with the obser- 
vations of Litdloff, Verworn, and others on paramecium, all 
indicate a movement of granules toward the cathode. Probably 
cataphoretic studies are not possible for all types of protoplasm. 
It is likely that in many cases weak currents will cause coagu- 
lation, and once this has occurred, the normal charge of the proto- 
plasmic particles is no longer in evidence. 

As we shall see later, (p. 182), the charge on the exterior of 
a cell is normally negative. When cells are suspended in a solution 
of good conductance, normally most of the current does not 
enter the cells at all, and the migration of the cells in the electric 
field is determined entirely by the charge at the surface. But 
there is always some fraction of the current that passes through 
the cells, and if this is the case, the charges of the colloidal par- 
ticles in the cell interior would be a factor in determining the speed 
and possibly also the direction of migration of the cells as a 
whole*. We will assume for the present that cells generally 
bear a negative charge at the surface, at least in ordinary media. 
If this is true, and if it is likewise true that the colloidal particles 
in the interior of the protoplasm are positively charged, then 
as the size of the cell increases, the charges in the cell interior 
should become increasingly important. For, in the case of a 
sphere at least, the volume increases as the cube of the radius, 
the surface only as the square of the radius. This line of argument 
was used by Heilrrurr 5 23, and he cites an experiment of R. S. 
Lillie’s to show that the size of a cell may have an influence on 
its cataphoretic migration. Lillie ’03 found that when frog 
’ blood cells were immersed in a sugar solution, the red blood 
cells and the smaller leucocytes, i. e. those about 10 fi in diameter, 
almost always moved toward the anode. Leucocytes of medium 
size (15 to 20 fi) were usually slightly negative, although occa- 


* If the protoplasmic granules are positively charged and migrate 
toward the cathode, the suspension medium in the cell should migrate 
toward the anode. There would thus be an equal migration in both 
directions and the resultant force on the cell might be zero if it were 
not for the fact that the cell membrane is permeable to water and not 
to granules. 

Protoplasma-Monographien I: Heilbrunn 12 
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sionally indifferent or slightly positive. On the other hand, the 
more voluminous leucocytes (25 to 30 p) were almost always deci- 
dedlv positive, moving definitely toward the cathode. Lillie 
describes the appearance of cells in a given field moving in oppo- 
site directions. It is thus not probable that the movement of the 
large cells toward the cathode was due to their being carried in 
the stream of liquid which travels along the wall of the cata- 
phoresis chamber. 

In commenting on Lillie’s experiment, it is to be noted first 
that the cells which migrated in opposite directions were of the 
same type and from the same animal. It would hardly be pro- 
fitable to compare the speed of migration of cells of different animals 
or of totally different types of cells from the same animal. Se- 
condly in Lillie’s experiments the cells were immersed in a sugar 
solution. This would provide an outer medium of low conducti- 
vity, and as a result a relatively greater fraction of the current 
would pass through the interior of the cells. This is the very 
condition which would favor an influence of the interior charges 
of the protoplasm on the direction and speed of migration of 
the cells as a whole. * 

Bern arm ’26 diluted the blood of the mollusc Phallmia 
with sugar solution, one part blood to five parts sugar solution. 
Under these conditions, he found that the smaller cells migrated 
to the anode, wheras the larger yellow cells migrated to the cathode. 
In his description of his methods, Bern ardi states that he was 
careful to avoid deception from the movement of the film of fluid 
next to the glass. 

When the cataphoretic migration of cells is studied in blood 
serum or in salt solutions, one would not expect to find very 
great differences between the rate of migration of the small and 
the large cells. That such differences in rate of migration actually 
do appear is at least indicated by the exact quantitative deter- 
minations of Fretjndlich and Abramson ’27 on the cataphoretic 
rate of blood cells of the 'horse suspended in serum. From the data 
of these authors, the average speed of migration of various types 
of white blood cells has been calculated, and a comparison may 
be made between the speed of migration of small lymphocytes, 
large lymphocytes, and the presumably still larger leucocytes. 
In the following table, the figures represent the migration rate 
of the cells in microns per second for an electric field of one volt 
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per centimeter. Freundlich and Abramson separated their 
observations into two groups, those made one to six hours after 
the blood was obtained, and those made after 30 hours. In the 
table, these two sets of observations are also kept separate. 


Cataphoretic migration rate of white blood cells of the horse 
in microns per second for one volt per cm. 
(Freundlich and Abramson ’27) 



Blood 1 — 6 hours old 

Blood 30 hours old 

Small lymphocytes. . . 

0.670 

0.588 

Large lymphocytes. . . ! 

0.550 

0.558 

Leucocytes | 

0.514 

0.500 


In view of the small number of observations reported by 
Freundlich and Abramson, these figures may not be statisti- 
cally significant. It is interesting to note that the red blood cells, 
which have a volume still less than that of the small lympho- 
cytes, were found by Freundlich and Abramson to have a 
greater speed, (1.01 microns per cm. for a field of one volt per cm.). 
But the comparison between different types of cells is probably 
not justifiable. 

It might be thought that the slower rate of migration of larger 
cells in an electric field was due to the greater resistance offered 
by the medium to the passage of the cells. As a matter of fact, 
both from the standpoint of theory, and from the results of actual 
experiment, (ef. Freundlich and Abramson), the speed of 
migration of a particle in an electric field is independent of its 
size. 

The experiments of Lillie ’03, Bernardi ’26, and Freund- 
lich and Abramson ’27 all indicate that with increasing size of 
a cell, it tends to move less rapidly toward the anode and may 
even move in the opposite direction. So far the evidence on this 
point is rather meager, but what there is favors the view that the 
interior of the cell contains particles charged positively. 

Finally, there is a bit of indirect evidence, which although 
it is not as important as the evidence we have already considered, 
may be worth mentioning. Koeppe ’97 advanced the view that 
the red blood cells were permeable to anions, but not to cations. 
Following Koeppe ’s paper, there has been an abundance of 
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evidence in support of this view, (for literature see Hobbe ’26, 
Dages 467 to 474). In general, membranes that retard the passage 
of anions as compared to cations are negatively charged, those 
that retard the passage of cations as compared to anions are 
positively charged, (see for example Bbthb anxl Toboeob^. 
The evidence with regard to the relative permeability of red blood 
cells to cations and anions indicates that the osmotic membrane 
of these cells is composed of particles charged positively so 
that inside of the negatively charged surface there is apparently, 
a region composed of positively charged particles. This of course 
does not prove that the colloids in the interior of the cell are 
likewise charged positively. 

Summing up, we find the following evidence m favor of a 
positive charge on the colloids in the interior of living protoplasm: 

1. The excess of bivalent cations in living cells. 

2. The fact that bivalent and trivalent cations favor a lique- 
faction of the protoplasmic suspension, whereas a decrease in 
the proportion of bivalent cations normally present results m 

coagulation. _ 

3. The cataphoresis experiments of Kuhne, \ blten, ana 
especially those of Hakdy. All of these experiments indicate a 
migration of the protoplasmic granules of plant cells toward the 
cathode. 

4. The movement of the granules in the interior ol the 

paramecium cell toward the cathode. 

5. The fact that when the cataphoresis of large and small 
cells of the same type is compared, the larger cells show a greater 
tendency to move toward the cathode. 

It is of course quite possible that different types of proto- 
plasm differ in the sign of the charge on their colloidal particles. 
So far there is no evidence to indicate that this is the case. 
AH the types of protoplasm that have been studied seem to 
behave in the same manner. 

In our discussion up to this point, we have considered only 
the charge on the colloidal particles or granules of the cytoplasm. 


Bethe and Tokopoff 1915, Zeitschr. f. physik. 


Chem., vol. 89, 

p. 597. _ _ 5 . - 

** This does not agree with the- opinion of Heilbkunx ’23, 25a 
regarding the charge on the colloidal particles of the outer membrane of 
the sea-urchin egg, but this opinion was not based on very certain evidence. 
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There is good evidence that the colloidal particles of the nucleus 
are charged with an opposite sign from those of the cytoplasm, 
that is to say, that they are charged negatively. 

The experiments of Hardy T3 previously referred to, very 
clearly demonstrate a migration of the materials within the 
nucleus toward the anode following the passage of an electric 
current. This is shown in all three of the sketches in Fig. 6. Appa- 
rently the colloids of the nucleus do not reverse their charge as 
do those of the cytoplasm, hut remain negatively charged at ail 
times. Hardy reached his conclusions regarding the negative 
charge . of the colloidal particles of the nucleus apparently 
quite independently of the earlier work of Pentimalli and 
McClendon. 

Pentimalli 7 09 passed currents of from 0.0186 milliampercs 
to 0.0492 milliamperes through hyacinth root tips for 20 to 
45 minutes. He used non-polarizable electrodes, and in different 
series of experiments, the current was sent in various directions 
through the root. Pentimalli was able to demonstrate a move- 
ment of the chromosomes of dividing cells toward the anode. 
However the chromatin of resting nuclei shov r ed little or no 
movement. Me Clendon TO repeated Pentimalli’s experiments, 
using approximately the same strength of current for 30 minutes. 
Both in the onion root and in the root of the hyacinth, Mo Clen- 
don was able to demonstrate a movement of chromatin toward 
the anode. But Mo Clendon was able to show not only a move- 
ment of the chromatin in dividing cells, but also a movement 
of the chromatin in resting nuclei. His figures leave no question 
of doubt. Me Clendon states also that the chromatin of the 
cells of the newt Diemyctilus moves toward the anode, and that 
nucleoli of frogs’ eggs travel in the same direction. He gives no 
details of these experiments with animal cells. In a second paper, 
Pentimalli ’12 repeated his earlier experiments on the hya- 
cinth root, using stronger currents. In this paper his figures 
show very clearly a migration toward the anode of chromatin 
both in resting and in dividing cells. Zeidler ’25 has also de- 
scribed a migration of chromatin toward the anode. 

Pentimalli, Me Clendon, Hardy and Zeidler, agree in 
ascribing a negative charge to the colloidal particles of the nucleus, 
and it seems certain that in the cells studied by them such a 
charge is actually present. The experimental procedure used by 
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the above-mentioned authors is simple, and it is rather surprising 
that more experiments of the same type have not been performed. 
Surely the electric charge on the chromatin is an important sub- 
ject for investigation. By sending an electric current through 
cells for varying lengths of time, some idea of the magnitude of 
the charge might be obtained, although in order to determine the 
charge exactly, a knowledge of the relations of the current within 
the nucleus would be necessary. Other types of cells could also 
be studied, or the cells could be treated in one way or another to 
see what effect such treatment might have on the electric charge. 

As far as the evidence goes, the colloidal particles of the 
interior cytoplasm bear a positive charge, those of the nucleus 
a negative charge. We shall now consider the charge on the 
surface of the cell. 

The charge on the colloidal particles of the cell interior is 
determined largely by the ions present inside the cell. Concerning 
these ions we have little definite information, except that appa- 
rently there is an excess of inorganic cations. The charge on the 
outer surface of the cell would be determined largely by the ions 
present in the outer medium. Concerning these ions we have 
complete information, or at any rate we may have. 

The outside membrane of the cell is probably protein. Most 
proteins in solutions near the neutral point, and in the absence 
of cations of high valence, are charged negatively. It is not 
surprising, therefore, to find that in cataphoresis experiments 
generally, living cells have been observed to migrate toward the 
anode. This is particularly true for small cells such as red blood 
cells and bacteria, for in such cells the charges of the interior play 
less of a role. The first description of cataphoresis of living cells 
is that of Jurgensbn ’60. He found that blood cells migrated 
toward the anode. Since Jurgensen, there have been very many 
papers published on the cataphoresis of living cells, and it would 
scarcely be possible to refer to all of them. The more recent 
workers, especially following the publication of convenient 
directions by Michaelis ’21, have usually been careful to guard 
against the error due to the movement of the fluid in the cata- 
phoresis chamber. The following papers may be consulted, some 
of them contain references to older literature: v. Szent-Gyobuyi 
’20, Putter ’21, Netter ’25, Tomita ’26, Bersardi ’26, Wins- 
low and Upton ’26, Schroder ’26. 
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Just, as the charge of an inanimate particle is influenced by 
the ions of the surrounding medium, so too the charge on the sur- 
face of living cells is altered when various ions are added to the 
fluid surrounding the Sells. In the presence of a sufficient amount 
of bivalent cations, the charge on living cells may be changed 
from negative to positive, (see for example Bern arm j 26). Tri- 
valent ions are especially effective in producing a change in direc- 
tion of electric migration of living cells, (see f or example Kozawa’ 14). 

Our discussion has shown that the granules in the cytoplasm 
of living cells bear a positive charge, that the materials of the 
nucleus have a negative charge, and that the surface of the cell 
is usually charged negatively. There is also some indirect evidence 
that the colloidal particles of the osmotic membranes of cells, 
blood cells at least, have a positive charge. It should be clearly 
understood that the charges on colloidal particles, living or 
non-living, are not free charges. They can not be made to travel 
along a wire. For each positive charge on a colloidal particle or 
micella, there is a negative charge in the dispersion medium imme- 
diately adjacent. The potentials that we have been considering 
are moreover all electrokinetic potentials, or £ potentials. It is this 
type of potential that is measured in cataphoresis experiments*. 

In recent years, various authors have attempted to deter- 
mine the difference in thermodynamic potential or s potential 
between the inside of living cells and the outside, (see Ettisch 
and Petebfi ’25 a, b; Peterfi, see Keller j 25, Taylor and Whit- 
aker ’26, Osterhout, Damon and Jacques ’27, Gicklhorn 
and Umrath ’28). Differences in the thermodynamic electric 
potential between the inside of a cell and the outside may be due 
to diffusion potentials, to potentials resulting from the differential 
permeability of the cell membrane to anions and cations, and 
possibly to other factors. In some of the experiments cited above, 
there is also the possibility that an injury potential may have 
played a role. The results that have been obtained, although very 
interesting, have no very direct bearing on the colloid chemistry 
of protoplasm. 

* For a discussion of the difference between electrokinetic potential 
and thermodynamic potential, see recent books on colloid chemistry, 
especially Ettisch 1927, Die physikalische Chemie der kolloiden System©. 
In Rethe’s Handbuch der normalen und pathologisehen Physiologie vol. 1, 
p. 91, Berlin 1927. 
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THE ACTION OF ACIDS AND ALKALIES 

The study of the action of acid on protoplasm is beset with 
unusual difficulties. Indeed it must be confessed at the outset 
that for the most part these difficulties have not been overcome, 
and that our present knowledge regarding the action of acid on 
protoplasm is rather unsatisfactory. 

The older physiologists who experimented with acids com- 
pared solutions of similar normalities. In recent years it has been 
clearly recognized that two solutions of the same normal concen- 
tration may differ widely in acidity, that is to say, in hydrogen 
ion concentration. One may be thousands of times as acid as the 
other. With the development of simple and easy methods of 
measuring hydrogen ion concentration, and with the recognition 
of the importance of slight differences in such concentration on 
the life of plant and animal cells, biologists have now generally 
learned to express acidity in terms of hydrogen ion concentration. 
Every beginner in physiology is now taught to measure the 
cH or pH of the solutions he uses in his experiments. 

Unfortunately the assumption is often made that two solu- 
tions of the same hydrogen ion concentration are strictly com- 
parable in so far as the effect of the acid ion on protoplasm is 
concerned. As a matter of fact, in two solutions of the same 
pH, the amount of acid which enters the cell in a given time may 
be vastly different. Consider for example a solution of a strong 
mineral acid and a weak organic acid. At the same hydrogen ion 
concentration, the organic acid has a concentration thousands 
of times as great as that of the mineral acid. Because of this 
difference in concentration, its diffusion rate is enormously 
greater and very much more acid enters the cell. If the cell were 
a sack containing pure water, this difference in diffusion rate 
would not be important, for because of the weakness of the 
organic acid, proportionally more acid would have to enter to 
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produce the same degree of acidity. But the cell contains various 
substances which combine with acids. These probably combine 
with both weak acid and strong acid in the same stoichometric 
proportion. The normality of the entering strong acid is much 
lower than that of the weak acid; the strong acid is thus more 
rapidly used up than the weak acid. It is thus easy to see that 
a weak acid may produce more acidity within the cell than a 
strong acid of the same hydrogen ion concentration. 

As a matter of fact, it has often been found that organic 
acids are much more toxic for living cells than inorganic acids 
of the same hydrogen ion concentration, (see for example Brenner 
’18, and literature cited by him). This greater toxicity of weak 
acids has generally been interpreted as being due to a difference 
in the permeability of the plasma membrane to different types 
of acids. Such a difference in permeability doubtless plays a 
part, but certainly the difference in diffusion rate is also an 
important factor. 

When cells are placed in buffered solutions of different 
hydrogen ion concentrations, it is obvious that the pH of the 
interior of the cell is not the same as the pH of the solution sur- 
rounding the cell. In order that the two be the same, we would 
have to assume that buffer and acid penetrated the cell at the 
same rate of speed, and that moreover the cell contained no buffers 
of its own. It is easily possible to conceive of cases in which 
increase in the hydrogen ion concentration of the outer medium 
might be accompanied by a decrease in the hydrogen ion con- 
centration of the cell interior, or .vice versa. Such a case has been 
noted experimentally by Jacobs ’20. In this instance, carbonic 
acid was present in high concentration in the outer medium , but 
the reaction of this outer medium remained alkaline because of 
the presence of carbonates. Being a weak acid, the carbonic acid 
had little effect on the external pH, but because of its high con- 
centration it diffused rapidly into the cell and there produced 
acidity. 

In interpreting the results of experiments with acids, we 
must therefore remember that the hydrogen ion concentration 
of the outer medium is not an accurate measure of the changes 
in acidity that occur in the cell interior. However, by a suitable 
choice of solutions, we can at least he reasonably certain that an 
increase in the acidity of the outer medium is reflected by a 
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parallel, even though not by a proportionate increase in the acidity 
of the interior. Not absolutely certain perhaps, for protoplasm 
is constantly producing acid and perhaps also alkali, and it is 
quite possible that with increase in alkalinity of the external 
medium, there is an increase in the cellular production of acid. 
Indeed it is sometimes stated that alkalies do actually produce 
an increase in the rate of metabolism, that is to say an increase 
in the amount of carbonic acid manufactured by the cell * 

In view of all these uncertainties, we must be very careful 
not to draw too far-reaching conclusions from the experimental 
evidence that we now have at our disposal. 

The action of acid and alkali on protoplasm has been studied 
in various ways. One or two authors have investigated viscosity 
changes, there have been a few observations on the effect of acid 
on protoplasmic streaming, and finally several authors have 
described the morphological changes which follow acid treatment 
both in brightfield and darkfield. 

Jacobs ’22 studied the effect of carbon dioxide on the proto- 
plasmic viscosity of Paramecium and Colpidium. In these Protozoa 
the granules do not move very readily under the influence of 
centrifugal force. Jacobs overcame this difficulty by feeding the 
organisms India ink. Vacuoles containing India ink appeared 
within the protoplasm, and these moved very readily 'when the 
animals were centrifuged. Jacobs bubbled carbon dioxide through 
the fluid in which the organisms were swimming. He found that 
short exposure to this carbon dioxide produced a marked lique- 
faction in the protoplasm of both Paramecium, and Colpidium . 
Longer exposure caused an increase in viscosity. In Paramecium , 
it was possible to show that in this stage of increased viscosity, 
the viscosity was greater than at the beginning of the experiment. 
In Colpidimn, the viscosity was at least as great, but it could 
not be shown to be greater. 

Jacobs also studied the action of carbon dioxide on the 
protoplasmic viscosity of sea-urchin eggs. When Arbacia eggs 
were exposed for five minutes to sea- water saturated with carbon- 
dioxide, centrifuge tests showed coagulation. The pH of the 
sea-water saturated with carbon dioxide was 5.5. When the 
sea-water was made acid by adding strong acid, and the carbon 


* Compare for example Loeb and Wastexkys ’IS. 
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dioxide was removed by shaking, at a pH of 5.5 no coagulation 
of the protoplasm was produced. Apparently, therefore, at the 
same pH, carbon dioxide is more effective in producing coagu- 
lation than is strong acid. From what has been said previously, 
this is readily understandable. At a pH of 5.5, the concentration 
of carbon dioxide present is great, vastly greater than the con- 
centration of mineral acid which would be present at this pH. 
The carbon dioxide thus diffuses much more rapidly into the cell. 

According to Jacobs, the coagulative effect of carbon dioxide 
on Arbacia protoplasm is reversible. After a five minute exposure, 
the protoplasm returns to its original fluid state. 

Jacobs also performed some experiments with Spirogyra, 
centrifuging the filaments after exposure to carbon-dioxide satura- 
ted water. Here too, short exposure caused liquefaction, whereas 
longer exposure caused coagulation. With one set of material 
this coagulation was apparently reversible, but in other material 
it was associated with the death of the cells. 

Summing up these results, it is seen that carbon dioxide 
produced both a liquefaction and a coagulation in the protoplasm 
of Protozoa and Spirogyra. In the Arbacia egg, Jacobs records 
only coagulation. The coagulation is generally reversible, although 
in one set of experiments with Spirogyra this was not found to 
be the case. 

That carbon dioxide may cause a reversible increase in proto- 
plasmic viscosity is also indicated by the older experiments of 
Kuhne ’64 and Lopbiore ’95. The latter treated stamen hairs 
of Tradescawtia with mixtures of carbon dioxide gas and air. 
He found that 80 % carbon dioxide caused cessation of proto- 
plamic streaming after 3 to 4 minutes. When the stamen hairs 
were returned to air, the protoplasm began to stream again. 

It is of course an open question whether or not the 
effects produced by carbon dioxide can be attributed to the 
hydrogen ion or to the undissociated gas present in solution. 
Jacobs himself inclines to the view that the action of carbon 
dioxide is specific, and he cites experiments in which mineral 
acids at the same pH do not produce as powerful an effect as 
carbon dioxide. This is however readily understandable on the 
basis of our previous discussion, for at the same pH, carbon 
dioxide is vastly more concentrated than the mineral acid. On 
the other hand, there is good reason to believe that carbon dioxide 
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in solution may produce effects quite apart from its acidity. 
A solution of carbon dioxide in water has a lower surface tension 
than the pure solvent, and might very well act as a fat solvent. 
In this connection, it is interesting to note that carbon dioxide 
is often used as an anesthetic in physiological experiments, and 
most anesthetics are known to dissolve fats. Fat solvents typi- 
cally produce a decrease in protoplasmic viscosity, (see chap. 12), 
and perhaps the liquefaction caused by carbon dioxide is of this 
nature. 

Before going further, it should be pointed out that the 
addition of any acid may result in the liberation of carbon dioxide 
within the cell. Very probably protoplasm contains carbonates, 
and these would be’ broken down in the presence of most acids. 
Thus when we treat cells with acid, we can never be sure that the 
effect is not due to carbon dioxide. 

The most extensive experiments on the effect of acid on. 
protoplasmic viscosity are those of Sakamura and Loo 25. 
These authors centrifuged Spirogyra filaments after exposure to 
solutions of varying pH. The exposure time in all of their experi- 
ments was 5 minutes. 

In order to obtain solutions of different pH, Sakamura 
and Loo used solutions of the two following types: 

Type A 


n/100 NaOH 2 cc. 

n/100 H 3 P0 4 various amounts (0.6— 2.2 cc.) 

Diluted with water to 20 cc. 

Type B 

n/50 Na 2 HP0 4 . . . . I cc. 

n/500 HC1* various amounts (0.2— 10.55 cc.) 

Diluted with water to 20 cc. 

In all, Sakamura and Loo performed eleven experiments 


or series of experiments. The fii'st six experiments were performed 
during the last week in February and on the 4 ttl and 8 th of March. 
In these experiments, a solution of Type A was used. The other 
five experiments were performed from the 7th to the 11 th of 

* La the original paper the acid is given as HCi, but this is doubtless 
a misprint. 
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July, and the filaments were immersed in a solution of Type B. 
The pH varied from 3.5 to 8.2. In measuring the viscosity, 
Sakamura and Loo noted the percent of cells which showed 
movement of chromatophores after treatment with centrifugal 
force. They distinguished four different degrees of -chromato- 
phore displacement, from no displacement at all to a very complete 
displacement of chromatophores, and they counted the percents 
of cells which showed each of these four degrees of displacement. 

From their data, Sakamura and Loo conclude that as the 
pH is changed from 3.5 to 8.2, the protoplasmic viscosity goes 
through three successive stages of increase and decrease. That 
is to say, if one were to plot a curve, the abscissae of which were 
pH values and the ordinates viscosity values, one should obtain 
a three-peaked curve, i. e. one with three maxima. Sakamura 
and Loo actually figure such a curve, but they assign no definite 
values either for pH or for viscosity, and the curve as it stands 
merely represents the general conception of the authors. The 
points of high viscosity in the curve, Sakamura and Loo regard 
as isoelectric points, but in a postscript they state that if proto- 
plasm is a sol instead of a gel, the points of low viscosity represent 
the isoelectric points. Although these points of maximum and 
minimum viscosity are not located on the curve that Sakamura 
and Loo draw, they are definitely fixed in the following table, 
which is copied from the original paper. It will be noted that 
the position of the points varies with the seasons, and Sakamura 
and Loo state also that it varies with other external conditions. 


Table I. Points of maximum and minimum viscosity in Spirogyra 


protoplasm ac 

cording to 

• Sakamura and Loo 

For plants in the winter and spring. 




Minimum viscosity . . 

. . <4.7 


6.0 

6.8 

Maximum viscosity. . 


4.9 


6.4 7.5 

For plants in the summer. 





Minimum viscosity . . 

. . <4.7 ; 


5.8 

7.2 

Maximum viscosity . . 


5.3 


6.4 » 7.6 


If it is true that protoplasm goes through successive stages 
of high and low viscosity as the pH is varied, this is extremely 
interesting. In view of the fact that Sakamura and Loo’s work 
has been generally accepted and frequently quoted, it may be 
■worth while to inquire into the justification for their statements. 
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The appended tables give all of Sakamura and Loo’s data for 
least and greatest degree of displacement of chromatophores. 
The figures in Table II. are in percents of cells which show no 
displacement of chromatophores, those in Table III. the percents 
of cells which show very strong displacement. It is hardly neces- 
sary to include data concerning intermediate degrees of displace- 
ment, for these appear to be less certain. Each row of figures 
in the tables is a single experiment. The first column gives the 
number of minutes the cells were centrifuged, and the other 
columns the percentage of ehromatophore displacement or non- 
displacement at different hydrogen ion concentration. In all 
but the 4 th experiment, the centrifuge turned 2000 times per 
minute. In experiment IV it turned 1500 times. It is to be 
remembered that the first six experiments "were performed 
in the winter and spring, the other five experiments in the 
summer. 

Sakamura and Loo’s observations, when collected together 
in the form in which they are presented in Tables II and III. 
scarcely carry conviction. The data are not consistent. Let us 
compare for example the third experiment in which the filaments 
were centrifuged for 2 minutes with the fifth experiment in which 
the filaments were centrifuged at the same speed for 3 minutes. 
The shorter centrifugal treatment perhaps accounts for the fact 
that the percentage of cells which showed no displacement of 
chromatophores at pH 6 is 4 times as great for the third experi- 
ment as it is for the fifth. But how explain that at pH 4.0 and 
at pH 4.3 the percentage of displacement is two or three times 
as great for the fifth experiment as for the third ? Examples of 
this sort can be multiplied many times. The reader may easily 
find them for himself. 

Let us consider now the evidence for Sakamura and Loo’s 
points of high and low viscosity. To take one example, for winter 
plants there is thought to be a point of maximum viscosity at 
pH 7.5. In all there are only two measurements at this pH. In the 
first* experiment, 40 % of the cells showed no displacement at a pH 
of 7.5. This percent is a little over the average for the series, 
although not much. On the other hand, in the only other experi- 
ment, the second, 20 % of the cells showed no displacement at 
pH 7.5, and this value instead of being high, is next to the lowest 
one of the whole series of ten determinations. Again, for summer 



Table II. Percentages of cells which showed no displacement of chromatop hores after being 
centrifuged following exposure to solutions of varying pH. 


THE ACTION OP ACIDS AND ALKALIES 


j CM 

j 

| 

1 

i 

i 

i 

1 

i 

1 

1 

tH 



CM 

| 

1 

i 

1 ! 

| 

i 

1 

i. 

i 

rH 

i CD 

1 

i 

1 

1 

1 

1 

1 

I 

I 

1 

CO 



GO 

; 1 

i 

1 

1 1 

1 

i 

1 

i 



. o 

| 

! 

| 

1 

l 

! 

1 

o 

CO 

r~ 

I 



O 

1 


i 

i 1 

j 

i 

CO 

CO 

CO 

. . 

i CO 

1 

I 

1 

1 

i 

1 

1 



CD 

I 



cd 

1 

1 

1 

1 , I 

1 

* 




■ 

i 'CO 

| lA 

T 

T 

T 

T 

T 

T 

T 

~co 

iO 

o 

CO 

r-* 

T 

4-3 

<+4 


CD 

1 


i 

i i 

1 

i 

05 

03 

t> 

1 

! CO 

1 

I 

l 


1 

1 

i 


— 


o 



CO 

1 

1 


i 1 


i 

00 

03 

CO 

03' 

l>\ 

1 

1 

1 

1 

I 

I 

I 


CO 

r- 

JO 

zc 


l— 

1 

1 


i 1 

1 

i 

r*H 



03 

iO 

o 

cT 

T 

~T 

] 

1 

1 

1 

1 

1 

1 

u 


JQ 

JO 

03 

I 

t 1 

[ 

i 

| 

| 

1 

1 

r>- 

rp 

CM 

1 

1 

1 

1 

1 

1 

1 

1 

1 

o 


t> 


p-4 

i 

i i 

1: 

i 

i 


1 

1 


I 

~r 

i 

i 

i 

1 

! 


CO 

CO 

. i 

pp 


rtf ; 

1 

i 

i 

1 1 

| 

i 

o 


03 

| 


1 

; 1 

1 

1 

I 

1 

1 

CO 

iO 

JO 

1 

pH 


t> 

1 

j 



I 

* 

CM 



I 

CO 

~F 

~T 

CM 

o 

t- 

i" 

1 

1 

1 

1. 

I 

A 


CO 

1 

1 

o 

o 

03 

i 

| 

| 

1 

1 


1 

1 

CO 

CO 

<M 

CM 

1 

1 

1 

: j 

I 

c3 : 

w 

t> 

1 

I 



i 

1 

__ 


1 

1 

. 03 

i 


1 

1 


T 


D- 

o 

05 

T 

■S 

pH 

03 

1 

| 

T 

1 1 





AT 

■ j : ■ 

' 

1 

I 

1 

1 

1 

1 

1 


Tf 


1 ; 

o 

u 

fcJO 

3> 

1 

1 

i 

II 


i 


03 

n 

1 

~o~ 

i 

1 

I 


1 


__ 


T 

T 

CO 

pp 

p 

o 




1 1 

T 


| 

j 

i 

r— 1 


1 

1 

1 

1 

1 

1 

1 

! 

1 

1 

03 

o 


t> 

1 

1 

! 

l 1 


i 

1 

1 

i 

CO 

CO 

CO 

CM 

CO 


Jp 

JO 

JO 

CO 

~7 


T 

«4H 

u 

: 00 

CO 

oT 

o 

-H CO 

r— < 

Ttf 

oT 

CD 

CO 

1 

CD 



co 



H 

03 



»o 

1 

o 

cS 

CD, 




03 

rH 

r ~ l 

03 

r— < 


1 ■' 

CO 

”T 


~T 

~T 

T 

T’ 


T 

T 


03 

43 

*> 

CD 


T 

T 

| | 

T 

I 


T 


jo 

CO 

I 

i 

1 

1 


1 

1 

1 

1 

1 


s 

«4H 

o 

CD 

1 

1 

1 

1 1 

i 

1 

1 

i 

1 

03 

po~ 

i 

___ 


i 

T 

T 

01 

CO 

CO 

CO 

T 

2 

CO 

p 

JO 

1 

T 


| | 

f 

00 

CO 

03 

CD 

j 

1 cd 

1 

I 

I 


i 

I 

CM 

iO 

JO 

CO 

1 

o 

CD 

I 

j 

1 

1 1 

j 

1-H 



HL 


1 


><M050 0< 
) t- ^ CM ' 


O^OOHIO | | | | | 

’ T777T7 

~ s* i i i ■ i i i i P 

I OHCO^OHOlr-iCtt 

I H H w H (M (M 

| I O -~i t> CO 05 I " 

I I HH H I 

~ §r° i ! i i ; i ii i $ 

I I M l 1 2--' | 
Mi I I I I I ooco ® eo S 
1 i I OH S2 I | M I 
j I i i i j i 

; OOhhiijo | | | | | 


I I CONOCO© 
I I r-4 — < CM 


© O O O O CO 


I | CO CO O rH | j ! 

— i i i i ii r 
| | | | 


CM CM CM CM CO CO 




I I I I I 


r-C'-T-N 

CM CM . CM CM CO CO , h r-i ■h tH 



192 


CHAPTEK XI 


plants, pH 5.3 is said to be a point at which the viscosity is at 
a maximum. What is the evidence ? There are no measurements 
at pH 5 3 If one averages the ten determinations at pH 5.2 and 
pH 5.4, one obtains a value of 51.8 %. At pH 5.6, an average 
of 4 determinations gives a value of 52 %, and at pH 5.8 an 
average of 4 determinations, 51 %. How then a maximum of 
viscosity? Finally for the summer plants, Sakamuba and Loo 
state that below pH 4.7 the protoplasm is highly fluid. But m 
the data that they offer, they show no record of tests at any pH 

below 4.7. _ , 

It is indeed doubtful if a single one of Sakamuba and Loo s 
points of high and low viscosity has any justification on the basis 
of the experimental data that they have published. All that 
the tables show is that the material they used in their experi- 
ments was highly variable. 

Robbins ’26 exposed Elodea leaves to various sodium phos- 
phate solutions in which the pH varied from 4.8 to / .2. h ollowing 
a four hour exposure to these solutions, the leaves were centri- 
fuged for 5 minutes at speeds of 650, 1000 and 2000 revolutions 
per minute. “The chloroplasts were thrown to one end of the 
cell in those centrifuged at 2000 revolutions per minute. Those 
centrifuged at 650 revolutions per minute were almost unaffected 
and those at 1000 revolutions were not affected much. No diffe- 
rence between the leaves from the acid and alkaline end of the 
series could be detected.” Robbins rather expected to fmd such 
differences, for as will be shown later, he found significant diffe- 
rences in streaming rate. Perhaps differences in viscosity might 
have been noted if tests had been made at speeds intermediate 
between 1000 and 2000 revolutions per minute. Rut it seems 
certain from Robbins’ experiments, that there are no very marked 
viscosity differences. 

Jacobs, Sakamuba and Loo, and Robbins made use of the cen- 
trifuge method in their viscosity determinations. Prat employed 
Weber’s plasm olysis-form method in studying the effects of acid 
and alkali on cells of the onion. He added acid or alkali to sea- 
water*, and he then used the resultant solutions as plasmoly tic 


* Prat does not state whether or not he removed the CO., from the 
acidified sea-water. If he did not, this might have a bearing on the inter- 
pretation of his results. 
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agents for the onion cells. He states that, in general, acid solutions 
are more apt to produce a perfect convex plasmolysis. In neutral 
or alkaline solutions, the plasmolysis is imperfect or concave. 
Only in relatively high concentrations of acids does irregular or 
concave plasmolysis occur. Hydrochloric and sulphuric acids 
produce a concave plasmolysis at a pH of 2. Acetic acid produces 
the same result at more dilute hydrogen ion concentrations (pH 3 
or 4 or 5). This is readily understandable on the basis of the 
discussion at the beginning of the chapter. 

Prat’s results indicate that with an increase in hydrogen ion 
concentration, there is a progressive decrease in viscosity or a 
liquefaction of the protoplasm, until finally when the concentration 
of hydrogen ions becomes too great, coagulation sets in. In 
addition to these observations on the plasmolysis form, Prat 
also made some morphological observations which will be referred 
to later. 

In this connection it is well worth while to consider the effect 
of acid on the rate of protoplasmic streaming in plant cells, in 
spite of the fact that these results are always capable of a double 
interpretation, (see p. 51). Klemm ’95 studied the effect of 
rather high concentrations of various acids on protoplasmic 
streaming in several different sorts of plant material. He found 
that the streaming first became irregular, and finally stopped. 
Nothmann-Zuckerkandl ’12 also found that various acids caused 
a stoppage of protoplasmic streaming. Laron ’14 observed that 
in Elodea cells 0.005 % sulphuric acid initiated streaming in 1 — 2 
minutes. In this short time, it is hardly probable that the dilute 
sulphuric acid penetrated the cells, and it seems likety that the 
action of the acid was primarily on the cell surface, where it might 
very well have produced some change which w'ould affect the 
driving force responsible for the streaming. 

Robbins ’26 studied the effect of solutions of different 
hydrogen ion concentrations on the rate of streaming in Elodea 
leaves. Thirteen sodium phosphate buffer solutions were used, 
and in these the pH varied from 4.8 to 7.2. The leaves were kept 
in the solutions for 5 — 6 days, following which rates of streaming 
were determined by noting the time required for a plastid to 
pass a measured distance. These times are given in the following 
table. Each time recorded is the average of 25 determina- 
tions. 

Protoplasma-Monographien I: Heilbrunn 13 
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Table IV. Inverse speed of streaming in Elodea cells at 
different hydrogen ion concentration (Robbins ’226) 


pH j4.8 5.0^ 5.2 

o.4j 5.6| 5.8. 6.0 

6.2 

6 i] 6.6 6.8 

: 7.0 

7.2 

Inverse speed! 3.9 4.3 4.6; 4.4 3.9 4.5 4.8 

4.2 5.3 5.7 5.1 

6.0 No streaming 


From these observations, Robbins concludes that there is 
a slower rate of streaming in solutions of pH 6.4 to 7.2. It will 
he remembered that Robbins found no differences in viscosity 
between the cells in the alkaline and those in the acid solutions. 
It should be noted that in his viscosity tests, Robbins exposed 
the leaves for 4 hours instead of for 5 to 6 days. The evidence is 
not very conclusive, but as far as it goes it indicates that the 
differences in rate of streaming do not depend on differences in 
protoplasmic viscosity. 

Strugger *26 studied the effect of solutions of differing hydro- 
gen ion concentration on the rate of protoplasmic streaming in the 
root hairs of Hordeum vulgar e (barley). He found the rate of 
streaming to increase from pH 6.8 to pH 6.4, then to decrease 
markedly to a minimum value at about pH 6.15. At this point, 
the protoplasm stops streaming. Then, as the pH is lowered from 
6.15 to 5.85, the protoplasm flows ever more rapidly, reaching 
a maximum speed at the latter point. With further increase in 
hydrogen ion concentration, the speed of streaming rapidly falls 
off until it stops completely at pH 5.65. This is the lethal con- 
centration. Such a succession of maxima and minima are very 
interesting, suggesting as they do possible isoelectric points in 
the protoplasm. We shall therefore examine the experimental 
evidence closely. 

The solutions used by Strugger contained sodium acetate 
and acetic acid in differing proportions. Strugger does not 
clearly state the concentrations of the solutions he used, but 
apparently at the higher concentrations of hydrogen ion, the 
acetic acid reached a concentration of 0.0032 normal. Solutions 
of this concentration might very conceivably have an effect on 
the surface tension of the cell, for acetic acid in aqueous solution 
does have a markedly lower surface tension than the pure solvent. 
Strugger usually began his measurements very soon after the 
immersion of the root hairs in the solutions. In three of the fifteen 
experiments he cites, he began measuring after 2 minutes, in 
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another experiment after only 1 minute. Ten determinations 
were made in each experiment, and these required, a time of 3 
to 15 minutes. It is interesting to note that the measurements 
made at the end of this period do not differ appreciably from 
those made at the beginning. When the root hairs are immersed 
in the solutions, apparently an equilibrium is reached within 
2 or 3 minutes, or possibly only 1 minute. This could hardly 
be the case if the acid produced its effect only after diffusing 
into the protoplasm. There is evidence, therefore, that the results 
of Strugger are, to some extent at least, due to a surface action 
of the solutions he used. This is borne out by the fact that Strug - 
ger clearly states that the volume of the protoplasm increases 
in certain of his solutions. Such an increase in volume might 
easily be the result of a lowering of surface tension of the proto- 
plasm. The volume increase indicated in the diagrams and 
photographs of Strugger is a very large one, and would cer- 
tainly result in a decided decrease in the protoplasmic viscosity, 
quite apart from any effect of the H ion. 

Father a clear indication that the results of Strugger 
with acetic acid are due in some measure to a surface tension 
effect, is the fact that he finds solutions of chloroform give the 
same morphological picture as the acid solutions. Both in the 
presence of chloroform and in the presence of acetic acid, the 
protoplasm shows increase of volume with occasional bursting 
of the cell w r all (“Plasmotypse”), formation of nev r vacuoles, 
appearance of new granules, and also w T hat Strugger calls 
regeneration phenomena. 

It seems clear that in Strugger’s experiments, surface 
tension lowering, (and perhaps also a fat solvent action of the 
acetic acid) play a large r61e. From the morphological side, 
Strugger describes both an increase in the volume of the pro- 
toplasm and the formation of new granules within the pro- 
toplasm. The increase in volume would of course tend to 
produce a lowering of protoplasmic viscosity, (for actual data, 
see p. 212), wdiereas the formation of new granules would cer- 
tainly increase the viscosity. When the root hairs are subjected 
to various concentrations of acetic acid there are thus two factors 
operative, one of which tends to decrease the viscosity and the 
other of which tends to increase it. As one or the other of these 
two factors gains the ascendancy, it is easy* to see that t]he vis- 
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eosity would go up or down, and we might have any number of 
maxima or minima if we plotted viscosity or speed of streaming 
against hydrogen ion concentration. This is almost certainly a 
partial if not a complete explanation of the peculiar results 
obtained by Strugger. It should be noted that this explanation 
does not depend on the assumption that surface tension lowering 
is responsible for the phenomena, but merely on the morpholo- 
gical observations made by Strugger. ^ 

In a paper which has just been published, Strugger 28 
again studies the effect of various hydrogen ion concentrations on 
barley root tips. The material is thus the same, but in the newer 
experiments the hydrogen ions are due to phosphoric acid. There 
is thus not the same difficulty in regard to surface tension, but 
unfortunately in Strugger’ s new’ experiments he introduces 
another complicating factor. Plant roots are very sensitive to 
osmotic conditions. The ordinary nutrient solutions in which 
they can live are very dilute. The solutions w T hich Strugger 28 
uses are apparently too concentrated, and moreover they do not 
have the same osmotic strength. Between a pH of 6.8 and 7.5, 
there is a variation from approximately m/15 to m/25 solutions. 
With these solutions, Strugger reports various injurious effects 
at hydrogen ion concentrations just under neutral. This is quite 
contrary to the older work of Karxenberg and True ’96 and 
Heal'd " 96 . These authors found that roots of Lupinus and 
Curcurbita could live and continue to grow for at least two days 
in n/6400 solutions of hydrochloric, nitric, sulphuric, and other 
mineral acids, whereas Zea roots could even withstand n/ 3200 
solutions. An n/6400 solution has a pH of about 3.8. Karlen- 
berg and True exposed the roots for two days. For shorter 
exposures, Brenner ’18 found that various plant; tissues, show. ecL 
a tolerance for higher concentrations of acid. Mevius 27 grev r 
several types of plant roots at a pH of 3.3. Addoms ‘23 found no 
evidence" of injury in roots of W'heat seedlings grown at a pH of 
3.68 for a week, (see below). 

In addition to Strugg er, various other authors have described 
visible changes in protoplasm following treatment with acids 
and alkalies. All observers agree that acids, when present in 
sufficient concentration, cause the appearance of new granules 
within the cell. Klemm ’95 describes “komige Ausschcidungen'\ 
that is to say the precipitation out of granules, following treat- 
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ment with nitric, sulphuric, hydrochloric, phosphoric, chromic 
acids, as well as by citric, oxalic, acetic, and other organic acids. 
Klemm used a concentration of 0.05 % nitric acid, and the other 
acids were used in about the same percentage strength. No state- 
ment is made regarding normality. The plant material used was 
of various sorts, root hairs of Trianea and Mormodica , leaf cells 
of Vallisneria , epidermis cells of Tradescantia, etc. According 
to Klemm, not only may acid cause the appearance of new gra- 
nules, it may also cause the formation of many small vacuoles 
within the protoplasm. Prat 5 26 states that granules increase 
in number in onion cells following acid treatment. On the other 
hand, in the presence of alkalies there is a tendency for the granules 
to disappear. 

A clear description of the formation of granules as a result 
of acid treatment is given by Lewis j 23. She studied cells in 
tissue culture. In these cells the cytoplasm, is normally free from 
granules. Lewis studied both cytoplasm and nucleus, and she 
states on the basis of morphological evidence, that coagulation 
of the nucleus occurs at a pH of 4.6 in all of the following acids: 
hydrochloric, sulphuric, nitric, acetic, lactic, citric, oxalic, and 
picric. That all of these inorganic and organic acids should 
produce an effect at the same pH is rather surprising, for the 
normal concentrations of the acids and their rates of diffusion 
into the cell must be markedly different, (compare discussion 
on p. 184). Lewis claims that the coagulative effect of acids is 
reversible. That acid coagulation of proto plasm may be reversible 
is also indicated by the observations of van Herweeden ? 2o. 
She studied human leucocytes in saliva. Normally these leuco- 
cytes show both ameboid movement and Brownian movement 
of granules in their interior. Both ameboid movement and 
Brownian movement ceased when the cells were placed in 0.1 % 
acetic acid (in 0.9 % sodium chloride). On washing with 0.9 % 
sodium chloride, the Brownian movement began again, also the 
ameboid movement. 

Lewis studied not only the action of acid, but the action 
of alkalies as well. She used solutions of ammonium hydroxide, 
ammonium carbonate, lithium carbonate, and sodium carbonate, 
and found that at a pH of 8.6 to 9 there was apparently an increase 
in the fluidity of the protoplasm. At any rate the cells tended 
to round up in these solutions. This is of course not very good 
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evidence of greater fluidity, as many factors may be involved 
in such a change in shape. The effect of the alkalies was rever- 

SlWe CzAPEK ’23 states that Boresch in his laboratory treated 
exuded protoplasm of Vaucheria with dilute alkali, lollowmg 
this treatment, there was an appearance of droplets m Brownian 
movement. Czarek’s statement is too brief to be very helpful. 
The appearance of droplets would indicate a viscosity increase 
provided that they were new formations. The fact, that they 
were in Brownian movement might indicate a viscosity decrease, 
if there were no Brownian movement before treatment. Lnfor- 
tunatelv Czapek’s words are ambiguous. 

In plant cells, alkalies cause the appearance of many new 
granules. This was first clearly stated by Darwin in his studies 
of Drama rotundifolia published in 1875. After showing that 
ammonium carbonate is very effective in producing what he 
calls an “aggregation” of the protoplasm of the leaves, he goes 
on to show that in the cells of the roots, ammonium carbonate 
caused a cloudiness of the clear fluid which these cells contained, 
so that this fluid came to look “like a mezzo-tinto engraving . 
In later studies, Darwin ’82 showed that ammonium carbonate 
in solutions of 0.1 to 0.7 % caused the formation of many granules 
in the root cells of various plants, including for example, Euphor- 
bia peplus. Even solutions of 0.01 % were effective. Apparently 
Darwin saw the granules in the cell sap, rather than m the proto- 
plasm. Pfeffer ’86 extended Darwin’s experiments. He de- 
scribes the formation of granules in the cell sap of the root ee s o 
Azolla, Euphorbia peplus, Sicinus following exposure to solutions 
of ammonium carbonate, sodium carbonate, or potassium car- 
bonate. He also saw similar granules appear m the vacuoles ot 
Spirogyra cells. Bokorny ’88 states that the granules appear 
not only in the vacuole, but in the protoplasm of Spirogyra. and 
he shows many figures of granules produced following treatment 
with ammonium carbonate. When 1 % ammonium carbonate 
was used, the granules formed very rapidly. They appeared more 
slowly when solutions as dilute as 0.005 % were used. 

Klemm ’95 showed that alkalies caused the formatu >n ot 
numerous vacuoles within plant cells. There is also at least one 
older observation of the same sort (Cohn ’54), and there are 
probably others. Degen’s studies of the phenomenon are especially 
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interesting (Degen ’05). He found, for example, when the myce- 
lium of Aspergillus niger was treated for 10 to 15 minutes with 
0.1 % NaOH, that there was a production of so many vacuoles 
within the protoplasm that the whole mass of the protoplasm 
became foam-like in appearance. Similar results were obtained 
for the mycelia of Mucor stolonifer, Dematium pullulans, and 
Saprolegnia. For these forms, concentrations of 0.02—0.05% 
NaOH were used. Degen also describes the formation of vacuoles 
following treatment with alkalies in the root tips of Vida faba , 
in the pollen mother cells of Lilium candidum , in the root hairs 
of Trianea and Helianthus, in the gland hairs of Syringa and 
Corylus and in the hairs of Urtica. Yamaha ’27 a also describes 
the appearance of vacuoles following treatment with alkali. He 
experimented on the root tips of Vida faba and other plants, 
but he studied only fixed material. 

Addoms ’23 studied the action of solutions of varying pH 
on the root hairs of wheat seedlings. In her solutions, the acidity 
was due to phosphoric acid. The root hairs were examined in the 
darkfield with the aid of a cardioid condenser, and the time of 
exposure was a week. Addoms determined coagulation from the 
general appearance of the protoplasm in the darkfield. She states 
that there is no evidence of coagulation in solutions of pH 3.85 
and 3.68, but at pH 3.60 and 3.47 she believes coagulation to 
occur. Addoms’ results are consistent with the older observations 
Ivahlenberg and Thue and of Heald (see above). 

Attention should perhaps be called to the fact that there 
are a number of papers in the botanical literature which deal 
with the effects of acids and alkalies on growth. Thus Lloyd ’18 
showed that bean pollen grew faster when either acid or alkali 
was added to the culture medium. Other authors have shown 
that when the rate of growth of seedlings or roots is plotted 
ugainst pH, a curve with two maxima is obtained (for literature 
consult Robbins ’23). Robbins believes that the minimum 
between the two maxima represents the isoelectric point of the 
protoplasm. The growth of seedlings or roots is a complicated 
process and can hardly be expected to depend on any one physi- 
cal property of the protoplasm. The entrance of water into the 
seed must depend to some extent on the colloidal properties of 
the seed coat. Doubtless the lifeless cell wall of the plant tissue 
plays a role, and there is also the plasma membrane to be consi- 
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dered Moreover it is hard to see how one can exclude the chemical 
processes of metabolism from consideration. These are certam 
to be variously affected by differences in concentration of acid 
and alkali. In attempts to determine the isoelectric point of 
protoplasm, it should also be clearly understood that the pH 
of the interior of the cell is not the same as the pH of its envi- 

ronment. . . , 

In resume, it may be stated that there is general agreement 

that acid in sufficient concentration causes coagulation of the 
protoplasm. Various observers note an increase in the granules 
of the cell as the hydrogen ion concentration is increased (Klemm, 
Lewis, Prat. Strugger). The coagulation produced by acid 
appears to be reversible, at least in some instances (Lewis, 
van Herwerden). There is also some evidence that at hydrogen 
ion concentrations below those which cause coagulation there 
is a decrease in viscosity of the protoplasm as compared with 
neutrality. Jacobs found a decreased viscosity following treat- 
ment of protozoa with carbonic acid. Prat’s observations indicate 
an increased fluidity of the protoplasm of onion cells following 
acid treatment. There is also a possibility that the increased 
rate of streaming in Elodea cells in acid solutions (Bobbins) 
may be due to viscosity differences. 

The liquefying action of acids, when it occurs, may be due 
to a fat solvent action of carbonic acid, either present originally 
or produced by a reaction of acid with carbonate, or it may pos- 
sibly be due to a direct effect of the hydrogen ion in increasing the 
electric charge at the surface of the granule. It would then act 
like the calcium ion or the aluminum ion (see chapter 9). Or, if 
the protoplasmic granules are protein, and are not surrounded 
by a lipoid film, the addition of hydrogen ion would act on the 
hydrogen ion dissociation of the amphoteric protein molecule, 
and this would result in a change in the charge on the granules. 
Unfortunately there are too many possibilities. 

Regarding the action of alkalies, there is a difference of 
opinion, due possibly to a difference of material. Lewis believes 
that in tissue culture cells, alkalies produce liquefaction. It must 
be confessed however that her evidence is not very good. Prat’s 
observations indicate an increase in the viscosity of the proto- 
plasm of onion cells following treatment with dilute alkali. The 
older observations of Darwin and of Bokorny indicate coagu- 
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lation of protoplasm following exposure to dilute solutions of 
alkalies. 

It is obvious that our knowledge regarding the action of 
acid and alkalies on the colloidal properties of protoplasm is far 
from, satisfactory. There is a real need for careful and compre- 
hensive experiments on various sorts of material with different 
acids and alkalies. 


CHAPTER XII 


THE ACTION OF FAT SOLVENTS 

Protoplasm is extremely sensitive to fat solvents. \ ery 
dilute solutions of ether and chloroform have a profound effect- 
on the life of the cell. All fat solvents are anesthetics; they tend 
to repress or inhibit the activities of the living substance. The 
theory of anesthesia will be considered in a later chapter, I or 
the present we are concerned with the physical effect of fat 
solvents on protoplasm, quite apart from any relation this might 
have to the life of the cell. 

Beyond any question the action of fat solvents is many- 
sided. In the first place, all fat solvents are liquids of low sur- 
face tension. Even in great dilution, their aqueous solutions have 
a surface tension decidedly lower than that of water. When 
living cells are placed in such solutions, the boundary surface 
between the cells and the surrounding fluid has its surface tension 
lowered. If the cell is surrounded by a relatively thick membrane, 
there is also a lowering of surface tension at the boundary between 
this membrane and the inner protoplasm. The result of these 
surface tension lowerings is that the cell is no longer subjected 
to so great a pressure from without, the equilibrium between the 
various osmotic, elastic and surface forces no longer bolds, and 
the cell tends to expand. Obviously the effect is greater in those 
cells in which surface tension forces plays a larger role, that is 
to say in smaller cells*. But even in cells as large as sea-urchin 
eggs, the diameter of the cell can be seen to increase very markedly 
when the eggs are placed in solutions of low surface tension. The 
same effect can also be noted in large protozoa, for example in 
paramecium. 


* The internal pressure due to surface tension varies inversely 
with the square of the radius. 
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It seems logical to assume that the increase in volume of 
cells which occurs in solutions of fat solvents is actually a direct 
result of the surface tension lowering. One fact speaks against 
such an interpretation. As the concentration of the fat solvent 
is gradually raised, there, is a more or less definite point at which 
the increase in volume suddenly occurs. Before this concen- 
tration is reached, there is often little or no effect. Thus Arbacia 
eggs expand scarcely at all in 2 % ether, wdiereas in 3 % ether they 
very quickly undergo a large increase in volume. The surface 
tension of a 3 % ether solution (against air) is not very different 
from that of a 2 % solution. One would expect therefore, that as 
the concentration of the ether is raised, that there would be a 
marked increase in volume at first and then a more gradual 
increase. Perhaps the reason why this does not occur is as follows. 
The Arbacia egg is surrounded by a rigid or semi-rigid membrane. 
The rigidity of this membrane offers resistance to an increase in 
volume of the cell. As the surface tension is lowered, there is 
first not enough of an effect to overcome, the rigidity of the mem- 
brane. When higher concentrations of fat solvent are used, there 
is suddenly a point at which the rigidity of the membrane is no 
longer sufficient to keep the volume small, and the cell, increases 
in size quite suddenly*. 

This explanation is not entirely convincing, but whether or 
not it is correct, it is at least certain that in higher concentrations 
of fat solvent, cells very often undergo a marked increase in volume. 
This is a factor that sometimes becomes of importance in the 
interpretation of the behavior of protoplasm toward fat solvents. 

Many authors have studied the action of fat solvents on 
gelatin and other proteins, and their results have often been 
taken as valid for protoplasm. With the development of the 
first methods for the examination of the colloidal behavior of 
protoplasm, it soon became apparent that protoplasm in no 
case acted like any simple protein, and that particularly in its 
relation to fat solvents wns the living substance unique. 

* There is also another possible explanation of the increase in 
volume of cells exposed to fat solvents. Perhaps the fat solvent releases 
bound electrolytes, (compare Roaf and Alderson ’07), and in this way 
increases the internal osmotic pressure. Against this explanation is the 
fact that substances like toluol which apparently do not enter the cells, 
also cause increase in volume. 
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In recent years, determinations of protoplasmic viscosity in 
various types of animal and plant cells have shown conclusively 
that dilute solutions of fat solvents cause a decrease in viscosity, 
whereas somewhat more concentrated solutions produce coagu- 
lation. These facts were already suggested in the older literature 
of protoplasmic streaming. Thus Klemm ’95 states that when 
alcohol is gradually added to a slide preparation of the leaf of 
an aquatic plant, there is a marked acceleration in the rate of 
protoplasmic flow. Only when a relatively high concentration of 
alcohol is reached, does the flow become slower, until it gradually 
ceases. Following Klemm, various other observers showed that 
dilute concentrations of fat solvents had an accelerating effect 
on protoplasmic streaming, whereas higher concentrations had 
an opposite effect. Thus Ewabt ’03 states that wdien alcohol is 
gradually added (so as to avoid shock) to Char a, Nitella , Eloclea, 
Vallisneria , or Trianea protoplasm, there is an increase in rate 
of streaming in concentrations of 1 to 2 percent. At stronger 
concentrations the rate of flow is retarded or stopped. Simi- 
larly, according to Eavabt, dilute solutions of ether and chloro- 
form accelerate streaming, whereas stronger concentrations retard 
or stop it. Josma ’01 also reported observations of this sort. 
Votjk ’10 studied the rate of streaming in myxomycete proto- 
plasm. He too found that dilute ether solutions caused an in- 
crease in rate of streaming and that more concentrated solutions 
slowed or stopped it. Botanists have usually thought that the 
acceleration of protoplasmic streaming by dilute solutions of 
ether is the result of a stimulation, such as is sometimes thought 
to occur in animal tissues exposed to dilute solutions of anesthetics . 
It has therefore been more or less generally supposed that the 
effect of the fat solvents was on the motive force of the streaming. 
However, in view of the results that we shall consider below, 
it is much more likely that the increased speed of protoplasmic 
flow following treatment with dilute solutions of fat solvents 
is due more to a decrease in viscosity than to any stimulation 
of the driving force of protoplasmic streaming. 

The first definite viscosity measurements of protoplasm 
treated with fat solvents were made by Heilbkonn ’14. Using 
the gravity method, he found that in the starch sheath cells of 
bean plants, dilute solutions of ether produce a decrease in vis- 
cosity, more concentrated solutions an increase in viscosity. It 
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is hard, to tell exactly which concentrations of ether Heilbbonn 
used, for he gives his figures in percents of a concentrated aqueous 
solution rather than in actual percents of ether. In Heilbbonn’s 
experiments, both the state of decreased viscosity and the state 
of increased viscosity "were reversible. 

Weber *22 b repeated the earlier work of Heilbbonn on 
bean cells, paying particular attention to the higher concentrations 
of ether. He studied the starch sheath cells of Phaseolus vulgaris , 
and made viscosity determinations with the centrifuge rather than 
the gravity method. His results show that 2 y 2 and 5 % ether 
(by volume) cause a marked increase in viscosity when the cells 
are exposed for an hour. The viscosity increase is at least twelve- 
fold, as shown by the relative times necessary to cause movement 
of starch grains in etherized and control cells. The viscosity 
increase produced by 2% — 5% ether is reversible. Exposure 
to 10 % ether produced a more pronounced increase in viscosity 
which w T as irreversible. 

Heilbbijnn ? 17, 20a, 20b, studied the effect of ether and 
other fat solvents on the protoplasm of sea-urchin eggs. Using 
the centrifuge method, he was able to show that various fat 
solvents caused a decrease in viscosity when present in certain 
dilute concentrations. In somewhat higher concentrations, they 
produced a coagulation with a great increase in viscosity. The 
decrease in viscosity produced by dilute solutions of fat solvents 
was always reversible. On the other hand the coagulation caused 
by the more concentrated solutions was always irreversible and 
involved the death of the cell. In a later chapter it will be shown 
that the decrease in viscosity produced by the fat solvents is 
related to the anesthetic action these reagents have in preventing 
cell division in the sea-urchin egg. For the present we are con- 
cerned only with the physical action of the fat solvents, and not 
with any physiological correlations. 

Heilbbunn 5 20b published a list of fat solvents with the 
percents of solution which caused decrease in viscosity and coa- 
gulation in sea-urchin eggs. In this list no statement was made 
with regard to the length of exposure. This is really an important 
factor. Sometimes a solution which causes first a decrease in 
viscosity, on longer exposure causes coagulation. The list published 
in 1920 has therefore been amended in the following table, so 
as to include data on this point. In this table, the second column 
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shows the concentration of reagent found to cause a decrease in 
protoplasmic viscosity. The length of exposure to this concen- 
tration of reagent is given in the third column. In the fourth 
and fifth columns are given the concentrations found to produce 
coagulation with the length of exposure actually employed. ^ All 
the data refer to the fertilized eggs of Arbacia. The percents given 
are volume percents. 


Table 1 



j. Concentration 


Concentration , 



'of solution found 

Length of ex- 

of solution found 

Length of ex- 

Reagent 

to decrease vis- 
cosity 

% 

posure 
in minutes 

to cause coagu- 
lation 

% 

posure 

■ in minutes 

Ether . . . . . 

2.5 

9 

3.5 

40 % 

Chloroform . . . 

0.13 

6% 

1 

8% 




(emulsion) 


Chloral hydrate . 

0.08 

13 

I 

35 

jj » ■ 

0.25 

28 

— 

— .. ■ ■ 

Xitromethane . . 

2 

2414 

3 

16 

Paraldehyde . . 

4 

7 , m. 

8 

6% 

Acetone . . . • 

5 

29 

10 

9 

Ethyl nitrate . . 

0.3 

6% 

— 

— 

r> JJ * * 

0.5 

29 


— 

Ethyl acetate . . 


41% 

5 

19% 

19 99 1 * *' , 

4 

6% 

— 

— 

Ethyl butyrate . 

0.25 

33% : 

0.5 i 

.'5 


0.33 

18 



Acetonitrile . . . 


6 1 2 j 

5 

13% 

Propyl alcohol (n) 

i 

10 \ ! 

. — 

— 

39 9 9 . 99 ' j 

1.33 

25 

— 

— 

Amyl alcohol . . 

0.66 

28% j 

1 

40 

Phenyl urethane 

• 4 /s sat. 

6 

saturated 

(-<0.5%) 

15 ; 

Ethyl urethane . 

1.5 | 

2.5 

8 } 
is % 

3 j 

29% 


The above table is little more than a list of scattered experi- 
ments, and it is presented here only because more accurate data 
are lacking. Such data are easy to obtain. It would be a simple 
matter to investigate much more thoroughly the effect of various 
fat solvents on the physical state of the protoplasm. Careful 


THE ACTION OF FAT SOLVENTS 


207 


study in this direction might yield many results of considerable 
value. 

In a short statement published in 1924, Chambers states 
that 2 % ether does not produce a decrease in viscosity but rather 
an increase in the protoplasmic viscosity of sea-urchin eggs. He 
bases this opinion on observations of Brownian movement in 
etherized eggs, as well as on microdissection tests. However, as 
pointed out by Heilbrtjnn ’25, these observations of Chambers 
are unreliable. In estimating the rapidity of Brownian move- 
ment, Chambers employed an arc lamp for darkfield illumination 
and took no precaution to protect the eggs from heat. Arbacia 
eggs die at only a few degrees above room temperature, and as 
shown previously (see p. 120), their heat death is hastened by 
ether. Doubtless in his estimates of viscosity with the micro- 
dissection needle, Chambers was influenced by his studies of 
Brownian movement in the heat-coagulated eggs, and was 
thus led to conclude a higher viscosity when there was actually 
a lower viscosity. 

Because of the above-mentioned statement of Chambers, 
Heilbrunn ? 25 reexamined the question of the effect of ether 
solutions on the protoplasmic viscosity of sea-urchin eggs, Both 
the unfertilized and the fertilized eggs of Arbacia were studied. 
The following table shows the action of 2*4% and 3 % ether 
solutions (in sea-water) on the protoplasmic viscosity of unferti- 
lized eggs. The time of exposure, as given in the second column, 
is important, especially for the experiments with 3% ether. 
When eggs are exposed to this concentration of reagent, the 
viscosity of the protoplasm decreases gradually, passes through 
a minimum, and then after about half an hour, the stage of low 
viscosity is followed by an irreversible coagulation. 

The variation of the viscosity of the control eggs in Table II. 
is due to the fact that there was some difference in the criteria 
employed in determining viscosity in different experiments. 
When the values in the table are averaged, it is found that 2 % % 
ether reduces the viscosity of unfertilized Arbacia eggs to 53% 
of its original value, whereas 3 % ether reduces the viscosity to 
48 % of what it is in the controls. No great claim for accuracy 
is made for these figures. It is nevertheless certain that dilute 
ether solutions do cause a very pronounced decrease in vis- 
cosity. 
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Table II 


Concentration 
of ether 
solution 

Of 

/o 

Exposure 
in minutes 

Relative 
viscosity of 
etherized eggs 

Relative 
viscosity of 
control eggs 

Temperature 

°0. 

2.5 

11 

10 

25 

23 

2.5 

4 

15 

25 

— ' 

2.5 

8 

15 

25 

22 

2.5 

10 

15 

28 

24 

3 

15 

15 

35 

22 

3 

s y 9 

20 

40 

| 23 

3 

3 

15 

30 

25.3 


The effect is even greater when the experiments are per- 
formed on fertilized eggs. Following fertilization in the sea- 
urchin egg, there is a sharp increase in viscosity (see chap. 15). 
When fertilized eggs of Arbacia are placed in 2 % % etIier at a 
time when the viscosity of the protoplasm is at its height, the 
viscosity soon becomes lowered to one-sixth or even one-eighth of 
its original value. 

Both in the starch sheath cells of the bean plant and in 
the eggs of the sea-urchin, dilute concentrations of fat solvent 
produce a decrease in protoplasmic viscosity, whereas somewhat 
greater concentrations cause viscosity increase or coagulation. 
These results are not peculiar to the two types of cells mentioned. 
Various authors have obtained similar findings for other sorts of 
protoplasm. 

Heilbkonn ? 22 performed some experiments on the effect 
of ether on plasmodia of the slime mold Beticularia . As a result 
of these experiments, he concludes that “sehwaclie Xarkose er- 
hdht, wie friiher fur Vicia faba festgestellt, auch bei Beticularia 
die Liquiditat, starke die Zahigkeit”. In other words low concen- 
trations of ether decrease the viscosity, higher concentrations 
increase it. Because of the fact that direct contact with ether 
solutions apparently injured the slime mold, Heilbroxx exposed 
the plasmodia on a moist glass slide to ether vapor. With such 
a procedure it is hard to regulate the exact amount of ether to 
which the protoplasm is exposed. Because of the uncertainty: of . 
the conditions of the experiment, we shall not cite Heilbroxk’s 
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observations in detail. His general conclusion, as given above, 
is surely justified. 

In 1921, Weber (’21c) published a long series of experiments 
on the effect of ether solutions on the cells of the alga Spirogyra . 
The viscosity was tested by the centrifuge method. Weber’s 
results are very clear and convincing. With weak concentrations 
of ether, that is to say concentrations of 1 — 2%%, there is a 
diminution of viscosity when the filaments are exposed 1 — 2 hours ; 
with higher concentration (about 3 % or over), there is an in- 
crease in viscosity. The percents are volume percents. At the 
“critical” concentration of 2% — 3%, the effect varies with the 
time of exposure. A one hour exposure causes a decrease in vis- 
cosity, whereas an exposure of 3 or more hours has the opposite 
effect. 

These results of Weber show that Spirogyra cells behave 
toward ether concentrations of one to three percent in almost the 
identical fashion that sea-urchin eggs behave. The similarity of 
concentrations and times of exposure required to produce decrease 
and increase of viscosity in the two widely different types of 
protoplasm is truly remarkable. There is, however, one difference 
that the plant cells show. In sea-urchin eggs only the decrease 
in viscosity is reversible, the increase in viscosity produced by 
higher concentrations of the fat solvent is associated with death. 
On the other hand, the Spirogyra cells can also undergo a reversible 
increase in viscosity, although with concentrations of ether 
higher than 3%, the viscosity increase is just as irreversible as 
it is in sea-urchin eggs. The difference between the plant and 
animal cells may in part at least be occasioned by the presence 
of the cell wall around the plant cells. W r hen a sea-urchin egg is 
exposed to a relatively concentrated solution of a fat solvent, it 
undergoes a change sometimes called cytolysis, and this cytolysis 
is often associated with a marked increase in the volume of the 
cell. Such a volume increase would be prevented by the cell wall 
of plant cells. 

In a later paper, Weber J 24d showed both by the plas- 
molysis-f orm method and by centrifuge tests, that a half hour 
treatment with 10% alcohol has a pronounced liquefying action 
on the protoplasm of Elodea cells. Using the plasmolysis-form 
method again, he was able to demonstrate a decrease in 
the protoplasmic viscosity of the stalk cells of Callisia reports 
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(one of the Commelinacem ), following an hour’s exposure to 
2% ether. 

Finally Belehradek ’24— ’25 has described a viscosity 
decrease in the protoplasm of Elodea cells, following treatment 
with chloral hydrate. However the method used by Belehradek 
is open to serious question (see p. 51). Brinley ’28 b reports 
an increase in Brownian movement when ameba is exposed to 
ether, chlorolorm, or alcohol. 

The action of fat solvents has been carefully studied in the 
starch sheath cells of bean plants, in sea-urchin eggs, in slime mold 
plasmodia, in the leaf cells of Elodea , and in the stalk cells of 
Gallisia repens. The results on all these different types of proto- 
plasm are fully concordant, and it can now be regarded as scientific 
fact that, in general, dilute solutions of fat solvents cause a 
decrease in protoplasmic viscosity, whereas more concentrated 
solutions cause increase in viscosity or coagulation. 

It should perhaps be stated that Ettisch and Jochims 
’27 have examined under darkfield illumination isolated frog 
nerve fibers treated with various alcohols. They conclude from 
their studies that ethyl, methyl, and propyl alcohol in dilute 
concentration cause a coagulation of the interior protoplasm of 
the nerve fiber. It has already been pointed out that the darkfield 
method is not applicable to the study of the interior of the nerve 
fiber (see p. 159). It might also be mentioned that Ettisch and 
JocmM’s results with ethyl alcohol do not accord with well known 
physiological facts. Ettisch and Jochims report a coagulating 
action with ethyl alcohol solutions of 0.3 to 0.9 % by volume. But 
many observations in the literature show that much higher 
concentrations of alcohol have no deleterious effect on intact 
nerves. Thus, to quote only one or two instances, Lee and 
Salant ’02 found that when they injected alcohol up to 1.58% 
of the weight of a frog, i. e., about 2% by volume, there was no 
evidence of injury either in nerve or muscle. In these experiments, 
the nerves of the frog were almost certainly bathed in a solution 
of alcohol of about 2%. Forger ’27 raised tadpoles in I % ethyl 
alcohol and kept them in this solution indefinitely. Many other 
observations of the same sort could be cited. It seems certain 
that Ettisch and Jochim’s results are due either to an error in 
method or to the fact that the fibers they studied were in a dying 
condition. 
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Before leaving the subject of the action of fat solvents, and 
before considering the possible explanation of the peculiar effects 
produced by these reagents, we shall make brief mention of the 
effect of ordinary distilled water on protoplasmic viscosity. 
This discussion is not out of place at this point, for it seems pro- 
bable that water alone does actually exert a solvent action on the 
fats of living cells. Thus Hansteex Cranner ’22 describes a 
solution of the fats or lipoids of the outer protoj)lasmic layers 
of plant cells when these are treated with distilled water. Moreover 
when sea-urchin eggs are exposed to solutions containing a high 
percentage of distilled water, there is apparently a disappearance 
of the fat particles which ordinarily show so plainly when the egg 
is centrifuged. 

When Arbacia eggs are treated with diluted sea- water, the 
protoplasmic viscosity is decreased, but when the dilution with 
distilled water becomes too great, there is a coagulation. This 
is clearly shown in the record of the following experiment, which 
is one of a series of similar experiments performed during the 
summer of 1925. Eggs were placed in mixtures of sea- water and 
distilled water, containing respectively 25 %, 40 %, 50 %, 60 %, 
and 75 % distilled water. Centrifuge tests were begun 10 minutes 
after the exposure to the hypotonic solution started, and an effort 
was made to complete each series of tests within 5 minutes. 
This was not always possible, but the viscosity values obtained 
from these tests can be regarded as valid for a 15 minute exposure 
to the hypotonic solution. In making the tests, the number of 
seconds required for the first appearance of a hyaline zone free 
from granules was taken as a measure of the viscosity. The 
centrifugal force used was 4968 times gravity. In the more dilute 
solutions, the eggs tended to break up when centrifuged. In 
some of the tests of eggs exposed to these more dilute solutions, 
the centrifuge was turned at lower speed, and the viscosity values 
were then recalculated on the basis of the higher speed. Because 
of the rapidity with which the tests were made, they are not 
especially accurate. The viscosity values are given in the following 
table. The temperature of the experiment was 23.5° C. 

Table III shows the relative viscosity after an exposure of 
approximately 15 minutes. If the exposure to the hypotonic 
solution is 30 minutes instead of 15 minutes, then coagulation 
occurs in 60 % distilled water. 
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Table III 


Percent 
distilled water 

Viscosity 

0 

15 

25 

. 7 ■ 

40 

5 

50 

5 

60 

5 

75 

more than 60, 
probably infinity 


But in these determinations of the viscosity of the protoplasm 
of cells in hypotonic solutions, there is a large source of error 
which must now he considered. In the hypotonic solution the 
cell increases in volume, and the distance between the adjacent 
granules accordingly becomes greater. In a previous discussion, 
(see p. 58), it has been shown that the ease with which the 
granules move through a cell depends in part on the distance 
which separates them from one another. Cunnin gham ? s^f actor, 
which we have called q, is less as the granules are farther apart. 
In order to determine the effect of this change in Cunningham’s 
factor, q was calculated for the case in which the eggs are in 25 % 
distilled water, i. e. 75 % sea-water solution. For method of 
calculating q, see Chap. 5. As a result of the calculation, q was 
found to be approximately 8.1, that is to say 77 % of what it 
is when the eggs are of the normal size. Correction for the viscosity 
value obtained for 25 % distilled water shows that the proper 
value should be 9 instead of 7. The viscosity of the protoplasm 
of the Arbacia egg in 25 % distilled water is thus about 60 % of 
what it is in sea- water. 

An interesting check of this method of calculation may be 
obtained by studying the effect of hypotonic solutions in the: 
cold. At a temperature of about 4° C., the fat solvent action of 
the distilled water is much lessened, so that the main effect on 
the speed of granular movement under the influence of centri- 
fugal force is apparently the change in q. In one experiment in 
which Arbacia eggs -were exposed to 25 % distilled water for half 
an hour at 4°, the speed of granular movement at the end of this 
period was 71 % of what it was in the control, eggs in sea-water. 
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From this experiment, it is certain that when eggs are placed in 
25 % sea- water, q can not be less than 71 % of its original value*. 

It is certain, therefore, that when the protoplasm of the 
sea-urchin egg becomes diluted with distilled water, there is 
actually a pronounced decrease in viscosity. This is quite com- 
parable to the effect of ether. In 25 % distilled water, the vis- 
cosity of the Arbacia protoplasm is about 60 % of its normal 
value. In 2% % ether, it will be remembered, the viscosity drops 
to 53 % of what it is in the controls. Moreover, just as in higher 
concentrations of ether coagulation occurs, so too as the con- 
centration of the distilled water increases beyond a certain limit, 
there is a sudden coagulation of the protoplasm. 

It has repeatedly been shown that fat solvents cause a decrease 
in the viscosity of the protoplasm when they are present in rela- 
tively low concentration, whereas in higher concentration they 
cause coagulation. Obviously a most important question is the 
reason for this peculiar behavior of the protoplasmic colloid. 
This is a question which for the present we must leave unanswered. 
That dilute solutions of ether and other fat solvents should have 
such a pronounced effect on the protoplasmic viscosity certainly 
indicates that lipoids are a very essential part of the living sub- 
stance. It seems not at all unlikely that the micellae of the proto- 
plasmic colloid are surrounded by a lipoid film. Some evidence 
in support of this view has already been presented (see p. 30). 
But exactly how a dilute solution of a fat solvent would affect 
such micellae so as to decrease the viscosity of the whole colloid 
is by no means clear. 

-Concerning the coagulative action of more concentrated 
solutions of fat solvents, we now have some real information. 
This coagulative action can be seen morphologically to be accom- 
panied by certain distinctive visible changes. In Arbacia eggs, 
for example, there is a very noticeable loss of pigment from the 
pigment granules of the cell, and this is soon followed by the 
appearance of numerous vacuoles throughout the protoplasm. 


* It may be somewhat more, for in the cold the viscosity of the 
protoplasm tends to be lower than at room temperature, and this would 
make the relative value of q too low. But the effect of cold is more or less 
neutralized by fat solvents (Heilbrunn 5 20a), and hence probably also 
by distilled water. 
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All these changes are associated, with a very definite and charac- 
teristic series of reactions which are found not only in sea- 
urchin eggs, but in other cells as well. The fat solvent, when 
present in sufficient concentration, can initiate this series of 
reactions, and the ultimate result is a coagulation of the proto- 
plasm. What is known concerning the nature of these reactions 
and how their initiation depends on the presence of fat solvent, 
will be discussed in a later chapter, (see Chap. 14). 


CHAPTER XIII 

THE SURFACE PRECIPITATION REACTION 

When a living cell is cut or torn, so that its interior flows out, 
a film is immediately formed at the surface of the emerging 
protoplasm. At any rate some cells behave in this fashion. The 
phenomenon is well known through the oft-quoted observations 
of Naegeli. ’55 and Pfeffer ’77. Many books refer to these 
observations as though they were practically the only ones on 
the subject. As a matter of fact, there are numerous similar 
observations scattered through the literature of the last hundred 
and fifty years. Merely from the standpoint of historical interest, 
it may be worth while to mention some of this neglected literature. 

The early students of protozoa knew that when a protozoan 
was injured or crushed, the protoplasm might disperse through 
the surrounding medium. For the French workers, this was 
“decomposition par diffluence”, the Germans refer to it as a 
“ZerflieBen”. But not always did a protozoan show diffluence. 
Sometimes, as the protoplasm began to emerge from the bounding 
membrane of the cell, it became coated with a film, so that a 
droplet or droplets were formed winch were sharply delimited 
from the surrounding medium. These droplets were called by 
Dotardin “globules de sarcode”. Following Dujardin, the Ger- 
mans called them “Sarcodetropfen”. They were seen by observers 
long before Dotardin. Muller 1786 describes “sarcode droplets” 
in a species of Colpoda, and in an injured specimen of Kerona, 
he calls them “moleculae mucidae”. The early observers did 
not know how to interpret the globular extrusions of protoplasm, 
and they usually thought of them as representing organs of one 
sort or another. Ehrenberg believed them to be stomachs. 
DuJARDnsr gave the first sensible interpretation, (see for example 
Dujardin 1838). There can be no question but that the sarcode 
droplets of Dujardift and the similar appearances described by 
authors before and after him really represent the form of reaction 
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that we shall consider in the present chapter. One of Di. j ardent s 
figures is shown in Fig. 9. It is taken from his monograph published 
in 1841, and shows film formation around droplets of protoplasm 
emerging from Leucophrys striata, a protozoan parasite of the earth- 
worm. Following Dujardest, sarcode droplets were described and 
figured by various subsequent observers. These include Fabre- 
Domergtte ’88, Kolsch ’02. 

Many students of protozoa, interested either in the function 
of the nucleus or in the capacity of parts of the cell to regenerate, 
have performed cutting experiments on many different types of 
single-celled organisms. In the course of these experiments, it 
has often been incidentally noted that the naked protoplasm 



Fig. 9. The emergence of protoplasm from the cell of the protozoan 
Leucophrys striata, after Dujardin ’41. 

exposed by the cut was capable of covering itself with a surface 
film. Indeed it is probable that only in those cases in which such a 
film forms rapidly are cutting experiments possible. Modern books 
on protozoa contain many references to experiments in \\ iiicli 
different types of protozoa have been cut* Some of the early 
work is referred to by Gruber ’80, ’93. From the first, ameba 
and Stentor were favorite forms for experimentation, and it is 
obvious that in these cells the naked protoplasm must quickly 
form a membrane or film. 

Cutting experiments have not been confined to protozoa. 
Students of experimental embryology have frequently cut or 


* See Calkins ’26, Doflein and Reichexow ’27 (p. 329). 
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broken up the egg cells of marine invertebrates. Most of these 
experiments were performed on sea-urchin eggs. In the embryo - 
logical literature, one finds very little said about the formation 
of a membrane or film at the surface of naked protoplasm. This 
is in part due to the fact that for a long time there was a difference 
in opinion as to the true structure of the sea-urchin egg. The 
. outer membrane of the unfertilized egg has a refractive index close 
to that of sea- water and it is not very clearly visible. In the early 
part of the twentieth century it was generally believed that the 
sea-urchin egg was naked, in spite of the fact that previous workers 
had clearly described the egg membrane or vitelline membrane. 
Concerning the Arbacia egg, Heilbrunn T5a states: “If the egg 
contents be made to flow out from the membrane or if the egg 
be cut or shaken into fragments, a new membrane immediately 
forms about the momentarily naked protoplasm. Such a membrane 
has the same chemical properties as the vitelline membrane.’ ’ 

It is much easier to break a large cell than a small one. This 
explains why practically all the observations on cut or torn cells 
have been made on protozoan or egg cells. There is, however, 
one old observation on small cells which is very interesting. 
Hensen ’61 crushed blood cells of the frog, and in one of his 
figures he shows the formation of a membrane or film about the 
droplet of exuded protoplasm. In view of our later discussion, it 
is worth mentioning that the emerging protoplasm from the blood 
cell loses its pigment. This is perhaps comparable to the loss of 
pigment from protoplasm pressed out of the Arbacia egg, (see below). 

The literature on plant cells really begins with Naegeli ’55 
although one finds occasional instances in which still earlier 
workers apparently noted the formation of a membrane or film 
about the surface of protoplasm squeezed out of cells, (see for 
example Cohn ’54). Naegeli clearly describes the formation of 
a membrane about droplets of protoplasm which have emerged 
from Char a cells. He also studied the same phenomenon in the 
colored cells of grapes and. other fruits. 

Following Naegeli, there is a long succession of workers 
who have described the formation of membranes about naked 
protoplasm. De Baby ’59 studied the behavior of naked slime 
mold protoplasm. IIanstein ’72 (cited by Strasrtjrger ’76) 
described the formation of films about exuding droplets of Vau - 
cheria protoplasm; see. also Han stein ’80. Klein ’72 cut the 
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mycelium of the fungus Pilobolus and noted the emergence of 
droplets. Van Tieghem ’75 notes film formation following 
wounding in the Mucorineae. Strasbueger ’76 describes the 
emergence of protoplasm from sw cirni spores of 
Vaucheria sessilis, and he says that a precipi- 
tation membrane is formed at the fresh surface. 
Strasburger also describes the formation of. 
precipitation films on the freshly formed sur- 
faces of plasmodia of Aeihalium septicum. 
Pfeifer ’77 crushed root hairs of Hydrochufis 
and saw films form at the surfaces of the emerg- 
ing droplets of protoplasm. This work has been 
often quoted. Sachs ’82 figures film formation 
around the naked protoplasm of a crushed fila- 
ment of Vcmcheria and he cites older observa- 




B 



Pig, io. The emergence of protoplasm from Vaucheria cells. 
A from Sachs ’82. B, C, D, from Hanstein ’SO. B, C and I) 
show successive stages 


tions of Schmitz on Yalonia. Peeffer ’90 made some obser- 
vations on slime mold protoplasm. There have also been some 
newer studies ; Prowazek ’07 on Vaucheria, Stubbl ’08 on Nitella, 
Seifriz ’21 on Bkizopus, on eggs of Fuats, and on pollen tubes 
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of Iris, Nichols ’22 on Vaucheria , Gladophora, Cham and Nitella, 
and Lepeschkih ’26b on Bryopsis. 

It is apparent that one of the favorite objects of study has 
been Vaucheria , and many figures have been published for this 
type of protoplasm. Fig. 10 is taken from Sachs ’82 and from 
Hanstein ’80. Sachs’ drawing is especially interesting in that 
it shows the formation of vacuoles in the exuded protoplasm. 
We shall have frequent occasion later to refer to such vacuole 
formation. Fig. 11 is taken from. Pfeeeer ’90 and shows the 
formation of a film or membrane at the cut surface of slime mold 
protoplasm. 

In view of the large number of papers that have been written 
on the formation of membranes on the surface of protoplasm 
exposed in one way or another, it 
is rather surprising to find that 
some recent authors apparently re- 
gard the subject as new. Thus 
Seieriz ’21 and Nichols ’22 write as 
if the first experiments were made 
with the microdissection needle. 

In books on cytology and 
ral physiology, it has often 
assumed that the protoplasm of all surface of 
cells forms surface films or mem- plasm, after Pfeffer 
branes on exposure to the surround- 
ing medium. Perhaps in a certain sense this may be true, but, as 
was known to Muller and DujardIjST many years ago, if one 
crushes various types of cells, one frequently finds that the pro- 
toplasm flows out through the surrounding medium without the 
appearance of any film or membrane. Thus, though very beautiful 
films may be obtained with Stentor , some races of paramecium 
show no film formation when the cells are pressed under a cover 
slip. In a few tests with Colpidium , it was found that usually 
when the cells were crushed under a cover slip, there was no 
appearance of a film about the emerging protoplasm. On the other 
hand, if the pressure to which the Golpidia were subjected was a 
very gentle one, films could sometimes be seen to form. As a 
matter of fact, even in those cells in which film formation appears 
most clearly, a very rapid extrusion of protoplasm may occur 
without any visible film being formed. It is possible that in 
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all cells films form if the protoplasm flows out at a slow enough 
rate, and that only in those cells in which the reaction is rela- 
tively rapid can it ordinarily he observed. 

Many invertebrate eggs do not show film formation on being 
crushed. Thus tests made on the eggs of the molluscs Cumingia 
and llyanassa , and on the eggs of the annelids Nereis, Chae- 
topterus, and Diopatra failed to show film formation.* However, 



Fig. 12. The surface precipitation reaction in the 
egg of Arbacia , from Heilbrunx ’27 b. 


Bonfig ’25 describes film formation on extraovates from Ascaris 
eggs. 

One of the prettiest objects for study is the egg of the sea- 
urchin Arbacia . When this egg is crushed under a cover slip so 
that the outer membrane is ruptured, the protoplasm which, 
flows out soon becomes surrounded by a clearly visible film. 
In Fig. 12, this film or membrane can be seen surrounding the 
exuded protoplasm. Note also in this figure that in addition 

* But more recent experiments show film formation in some of 
these eggs. w Wi v' ■ 
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to the film at the outer surface, there are a number of internal 
films, which appear as vacuoles. These internal films or vacuoles 
vary greatly in number. When ail egg is very gradually com- 
pressed, so that the protoplasm emerges slowly, there may be few 
or even no vacuoles . W if h greater speed of eiiiergence, the number 
of vacuoles increases. Apparently their formation depends in part 
at least on whether or not the protoplasm in the interior of the 
emerging drop comes into contact with the surrounding medium. 

What is the mechanism of the film formation on drops of 
naked protoplasm ? For years the commonly accepted view has 
been that the film is the result of an accumulation of surface- 
active substances at the outer surface of the emerging protoplasm. 
It is certain that protoplasm contains substances which lower 
surface tension; in accordance with the Gibbs-Thomson rule 
these would accumulate at a surface, just as peptone accumulates 
at a water-air surface and forms a solid film or membrane there. 
This explanation at first glance seems self-evident, and it has been 
accepted by practically every authority on cytology or cellular 
physiology. Until recently, it was never examined experimentally. 

On the face of it, the comparison of protoplasmic films with 
the adsorption films which form at the surface of peptone solu- 
tions is not an accurate one. Peptone (and other surface active 
substances) become concentrated at the surface of water and air, 
or water and oil. But when protoplasm is cut, there is no surface 
tension surface between it and the surrounding watery medium. 
This follows from the fact that protoplasm itself has water as a 
dispersion medium. When an aqueous solution is brought into 
contact with pure water or with another aqueous solution, there 
is no surface film at the boundary. Hence if we are to assume 
that the film w r hich forms around emerging droplets of protoplasm 
is an accumulation of the surface active constituents of the cell, 
then we must first imagine some sort of surface for these con- 
stituents to accumulate at. 

If protoplasm were a gel, we might imagine a surface to 
exist between it and pure water. But surely it has been abundantly 
proven that the protoplasm of the sea-urchin egg is not a gel, 
(see chapters 5 and 6), and yet in this very instance film formation 
is especially easy to observe. 

The idea that the films which form about naked protoplasm 
are adsorption films can also be shown by experiment to be 
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untenable. As is well known, adsorption occurs more readily 
in the cold. With a rise in temperature, surface tension decreases, 
and there is then less tendency for surface active materials to 
become concentrated at a surface. On the basis of the old theory, 
cold, since it favors adsorption, should favor the formation of 
protoplasmic films. Experiment shows it to have the opposite 
effect. When sea-urchin eggs are crushed at temperatures a 
degree or two above freezing, usually no film forms about the 
protoplasm as it emerges. Sometimes an incomplete film makes 
its appearance, if the pressure on the cover slip is very gentle. 
But it is readily apparent that low temperatures retard rather 
than favor the process. 

The films which form about naked protoplasm are not 
adsorption films. As a droplet of fluid protoplasm streams out 
of a cell, some sort of a coagulation process must occur at the 
boundary of the droplet to prevent its diffusion throughout the 
surrounding medium. The entire process or processes which are 
involved in the formation of a film on the surface of exposed 
protoplasm have recently been called the “surface precipitation 
reaction”, (Heilbrottst ’27b). 

Experimental study of the surface precipitation reaction 
has shown that in various cells ( Stentor , Arbacia eggs, Echina- 
racknius eggs), the presence of calcium is a necessary prerequisite. 
If Arbacia eggs are washed in isotonic sodium chloride solution 
for a minute, and are then transferred to a second dish of isotonic 
sodium chloride, they no longer show any reaction when the cells 
are crushed. The protoplasm streams out through the sodium 
chloride solution without the formation of any film. A similar 
result can be obtained if the eggs are crushed in calcium-free 
sea- water. This experiment can be simply performed by adding 
a small drop of m/4 ammonium oxalate solution to a drop of 
sea-water containing eggs. After an interval of a minute or less, 
the eggs on being crushed show no surface precipitation reaction. 
Apparently a certain amount of calcium is necessary for the 
reaction to proceed. It should be noted that washing for a minute 
in isotonic sodium chloride solution, or treatment for . a minute 
with oxalated sea-water can scarcely remove the calcium from 
the egg interior. Perhaps the calcium within the egg is not in 
an available form. This is a point which will be brought up again 
later. • . 
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It is probable that in ameba also the surface precipitation 
reaction depends on the presence of calcium. At any rate one 
may perhaps so interpret the experiments of Chambers and 
Reznikoff } 26. These workers tore amebae with microdissection 
needles. When the amebae were torn in dilute calcium chloride 
solutions, there was an immediate repair of the torn surface. 
Such a repair did not occur in dilute sodium chloride solutions. 
Rut Chambers and Reznikoff found also that the repair that 
they describe took place in distilled water, supposedly in the ab- 
sence of both sodium and calcium. From the effects of distilled 
water on sea-urchin eggs, (see next chapter), it seems possible 
that distilled water may free calcium from the interior of the 
ameba. In the normal movement of an ameba, the internal 
protoplasm may become exposed to the outer medium and form 
a new film about itself. Perhaps in this normal movement, the 
surface precipitation reaction plays a part. It is interesting to 
note that in the case of a marine ameba Pantix ? 26 found no move- 
ment possible in the absence of calcium. See also Pollack ’28. 

Grafe ’22 (see p. 47) states that the exuding protoplasm 
of Nitella rapidly forms a film about itself, but that this reaction 
does not occur when the protoplasm flows out into a dilute soap 
solution. Perhaps the effect of the soap is to remove calcium. 
Whatever our interpretation of these experiments of others, it 
is certain that in sea-urchin eggs and in Stentor, the surface 
precipitation reaction can not take place in the absence of free 
calcium. 

The magnesium ion can not take the place of the calcium ion. 
Eggs washed with magnesium chloride solution do not give a 
surface precipitation reaction. On the other hand, the presence 
of small quantities of strontium permits the reaction to proceed. 
In other words, strontium can replace calcium. 

Our experimental analysis of the surface precipitation reaction 
has established the fact that calcium plays an important role 
in at least two widely different types of protoplasm. Further 
study may show that the presence of calcium is an essential 
factor for the reaction in all types of living material in which it 
occurs. : : ■■ ; 

In the sea-urchin egg, the pigment granules of the egg interior 
also play a part in the surface precipitation reaction. Fig. 12: 
shows that as the protoplasm of the egg emerges from its con- 
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taming membrane, the pigment granules disappear. Iheir coloi 
diffuses throughout the entire extraovate. When eggs are crushed 
in the absence of calcium, there is no surface reaction and no 
breakdown or disappearance of pigment granules. This obser- 
vation led to the idea that perhaps the pigment granules were 
directly involved in the surface precipitation reaction, unlikely 
as such a participation might seem. The idea was soon tested. 
Eggs were centrifuged and were then crushed. In those eggs 
in which the cell membrane ruptured at the heavy end of the egg, 
where pigment granules were present, an excellent surface preci- 
pitation reaction occured. When the rupture was at the opposite 
hemisphere, there was no reaction in the absence of pigment 
granules. But the failure of the reaction to take place might be 
due either to the lack of pigment granules or to the lack of the 
small colorless granules, for these are also absent from the light- 
end of the centrifuged egg. Another test was then made in which 
eggs were first centrifuged and were then allowed to stand for 
45 minutes before being crushed. Within 45 minutes, many 
•of the Colorless granules return to the light pole of the egg, but the 
pigment granules for the most part remain near the heavy end. 
Under these conditions, when the protoplasm was forced out of 
the eggs by pressure on the cover slip, no surface precipitation 
reaction occurred in the absence of pigment granules, even 
though colorless granules were present. Of the granular consti- 
tuents of the egg, it is the pigment granules and these alone that 
take part in the reaction. 

Our analysis so far has shown: 

1. That the surface precipitation reaction is retarded or 
inhibited by low temperatures. 

2. That calcium (or strontium) is essential. 

3. That, in the sea-urchin egg, the pigment granules play 
a role. 

In studying any colloidal reaction of protoplasm, it is always 
of interest to compare it with the reactions which may be observed 
in test tubes. Most colloids show no specific relation to the cal- 
cium ion. But both in the coagulation of blood and the clotting 
of milk, calcium plays an important part. The fact that blood 
and milk are biological colloids makes this resemblance more 
interesting. The surface precipitation reaction also resembles 
blood coagulation in another respect. Both are retarded or 
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prevented by cold. Perhaps, too, the breakdown of the pigment 
granules in the surface precipitation reaction is to be compared 
to the breakdown of the blood platelets in blood coagulation. 
In view of these similarities, it was thought worth while to study 
the surface precipitation reaction from the standpoint of blood 
coagulation. 

Unfortunately the literature on blood coagulation is in a 
very confused state. There are dozens of theories, many with 
distinct terminologies for various known and assumed substances. 
But this much at least seems clear. There are two, and perhaps 
more stages in blood coagulation. The first stage involves cal- 
cium, and results in the formation of a substance called thrombin. 
In this stage, or previous to it, the blood platelets break down. 
In the second stage, the thrombin produces a clot, i. e. fibrin, 
by combining with or acting upon fibrinogen, a protein of the 
blood plasma. Calcium plays no part in the second stage of the 
blood coagulation process, and thrombin can act in its absence. 
Clotted blood contains thrombin, both in the clot and in the 
serum which emerges from the clot. A drop of serum will therefore 
clot a fresh sample of blood in the absence of calcium. 

It has been shown that calcium and pigment granules are 
involved in the surface precipitation reaction in the Arbacia egg. 
Might it not be possible that there is a still closer correspondence 
to blood coagulation and that the need for coagulation is limited 
to a primary stage, following which calcium is no longer neces- 
sary ? Just as the student of blood coagulation prepares thrombin 
from clotted blood, so it might be possible to prejDare a comparable 
substance from the cells which have undergone surface preci- 
pitations. 

This possibility was easily tested. A thick suspension of sea- 
urchin eggs was shaken up vigorously with splintered glass, so 
that the eggs were broken up into innumerable fragments. To 
the broken-up eggs oxalate was added to remove calcium. When 
a drop of this preparation was added to a drop containing eggs 
in calcium-free sea-water, and the eggs were then broken by 
pressure, the emerging protoplasm showed a surface precipi- 
tation reaction. Thus the preparation of broken-up eggs contains 
a substance which can produce a surface precipitation reaction in 
the absence of calcium, although when this substance is not 
present calcium is necessary for the reaction. The similarity to 
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blood coagulation is close. In cells as in blood, there are two 
stages to the coagulation reaction. In the Arbacia egg, the first 
stage involves an interaction of pigment granules and calcium, 
the second stage does not require calcium. Does it require pigment 
granules ? Apparently not, for several tests in which centrifuged 
eggs were placed in oxalated sea- water plus extract of broken-up 
eggs showed a definite surface precipitation reaction when the 
protoplasm was made to emerge from the light pole. If these 
experiments are correct, in the presence of broken-up eggs, a 
surface precipitation reaction can occur in the absence of cal- 
cium and in the absence of pigment granules. Thus the first 
stage of the surface precipitation reaction seems to consist of 
a reaction between calcium and pigment granules. The result 
of this reaction is the formation of a substance which can produce 
a surface reaction in the absence of calcium and probably also 
in the absence of pigment granules. 

It has just been shown that there is a substance in a pre- 
paration of broken-up eggs which can produce surface films in 
the absence of calcium. Because of the apparent similarity to 
the phenomena of blood coagulation, it w r as proposed to cali 
this substance ovothrombin. The name ovothrombin should 
be regarded as provisional for two reasons. In the first place, 
similar substances may very possibly be found in cells other 
than eggs. If this proves to be the case, 4 ‘ cv tothrom biir ? might 
be a better term to use. Secondly, when a true understanding 
of blood coagulation emerges from the welter of present-day 
theories, it may be found that the ovothrombin of the sea-urchin 
egg more truly resembles some one of the numerous other sub- 
stances now'. suffering from a, multiplicity of names, than it 
resembles thrombin itself. But for the present, the name ovo- 
thrombin will suffice as a label for the substance which can cause 
a surface precipitation reaction in the Arbacia egg in the absence 
of free calcium. 

In the literature on blood coagulation, there has been much 
discussion as to whether or not thrombin is an enzyme. In two 
important respects ovothrombin does not resemble typical enzyme 
preparations. It is not destroyed, by boiling. Preparations of 
ovothrombin can be boiled for ten or fifteen minutes without 
losing their efficiency'; If' anything, they seem to gain rather 
than to lose in potency as a result of boiling. Secondly, ovo- 
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thrombin diffuses readily through parchment membranes. In 
preparing relatively pure preparations of ovothrombin, it was 
found convenient to boil the broken-up eggs and then to place 
them in a parchment dialyzer. The ovothrombin then passed 
through the dialyzer. 

Ovothrombin is surface active, that is to say, it lowers 
surface tension. This is shown by the fact that in solutions of 
ovothrombin the surface film of the solutions shows greater 
evidence of activity, that is to say is more efficient in causing 
a precipitation reaction, than is the fluid in the interior. 

Some preparations of ovothrombin were found to deteriorate 
after two or three weeks. It is destroyed by weak solutions of 
potassium permanganate. Moreover, in the only experiment that 
was tried, the addition of 0.2 cc. of n/100 HC1 to 1 cc. of an. 
ovothrombin preparation caused a loss of activity of the latter 
after an hour and a half. 


Although ovothrombin can cause a surface precipitation 
reaction in the absence of pigment granules, sometimes the 
pigment granules do break down when eggs are crushed in oxalated 
sea- water in the presence of ovothrombin. Thus, although in 
some experiments one sees a perfect surface precipitation reaction 
without loss of pigment on the part of the pigment granules, in 
other cases the initiation of a reaction by ovothrombin is accom- 
panied by a fading of the pigment granules or even by their 
complete disappearance. Apparently the greater the concen- 
tration of the ovothrombin, the greater the tendency for the 


pigment granules to break down, but no accurate experiments 
Were made to settle this point definitely. It seems certain that 
when ovothrombin initiates the surface precipitation reaction, 
the breakdown of the pigment granules is not a necessary preli- 
minary, but is more in the nature of an after effect. Not infre- 
quently the surface precipitation reaction occurs first, and the 
pigment granules then slowly break down or lose their pigment 
later. This suggests an interesting possibility. It may be that 
in the second phase of the surface precipitation reaction, calcium 
is again set free, and that it is this calcium which causes the 
breakdown of the pigment granule. If this were true, we might 
have the following scheme, for the stages of the surface precipi- 
tation reaction in the Arhacia egg: 

1. Ca + pigment granule = ovothrombin 
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2. Ovothrombin -f a protein =film or membrane -f- Ca. 

If this scheme represents the true state of affairs, it is obvious 
that a small amount of ovothrombin can have a great effect. The 
reaction is self -propagating. 

The fact that a living cell contains a substance which re- 
sembles thrombin need not be at all surprising. Many authors 
have held that, extracts of various types of cells can have an 
accelerating effect on the coagulation of mammalian blood. 
Consult, for example, Schmidt ’92. Not only cells of verte- 
brates, but even cells of plants have been found to yield extracts 
which hasten the coagulation of the blood of higher animals. 
It would be interesting to discover whether or not ovothrombin 
has any effect on the coagulation of the blood. 

The fluid in the body cavity of a sea-urchin clots when it is 
poured out of the animal. It might be thought that this reaction 
would show similarities to the surface precipitation reaction of 
the egg cell, and that perhaps a thrombin could be isolated from 
sea-urchin blood which would have an effect on the surface reac- 
tion of the egg cell. But the clotting of sea-urchin blood is a very 
different phenomenon from the clotting of mammalian blood. 
It depends almost entirely on the clumping together of the blood 
cells. Apparently there is no thrombin produced, and the clotting 
occurs quite independently of the presence of calcium. One or 
two crude experiments were tried with human blood serum. It 
was not found to have any effect on the surface precipitation 
reaction in the Arbacia egg. 

It has been shown that the surface precipitation reaction 
in the Arbacia egg can be separated into two stages, in the first 
of which calcium reacts in some fashion with pigment granules 
to form ovothrombin. This first stage of the surface precipitation 
reaction can be subjected to a closer analysis. We can seek to 
discover what sort of a process takes place when calcium and 
pigment granules are brought together. It is possible to remove 
the pigment granules from the cell interior and to study their 
behavior when they are in a known medium, rather than in the 
protoplasm. Ordinarily the pigment granules disappear when 
they are pressed out of a cell, but in the absence of calcium they 
remain intact. One has only to remove calcium from the surroun- 
ding medium in order to obtain a suspension of pigment granules. 
With such a suspension of pigment granules, the effect of various 
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reagents can be studied; and some observations have been made 
in this manner. However this method of study has its disadvan- 
tages. Pigment granules are only about a micron in diameter. 
They are of course easy to recognize either within the egg, or 
just after they have been pressed out of an egg. But in a suspen- 
sion of broken-up eggs there are many small granules about a 
micron in diameter and not all of them are pigment granules, 
Nor is the color an absolute criterion that is easy to apply. Not 
only do the pigment granules fade somewhat, but also other 
granules apparently take on some of their pigment. It is much 
safer to identify the pigment granules just after they have emerged 
from the egg, when there can be no doubt as to their identification. 

If eggs are placed in various solutions and are then crushed 
rapidly, one can compare the behavior of the pigment granules 
under various conditions. Many such experiments have been 
performed and some interesting results have been obtained. It 
is indeed possible to study the reaction between calcium and 
pigment granule outside of the cell. So far, although numerous 
observations have been recorded, the work is in a preliminary 
stage, and no satisfactory interpretation has been arrived at for 
some of the peculiar results. We shall, therefore, present only 
a brief sketch of this work, in order to indicate the type of results 
that can be obtained. 

It has been stated that whenever a trace of calcium is present, 
the pigment granules break down. This is true under the usual 
conditions. But if eggs are placed in concentrated solutions of 
sodium chloride which also contain calcium chloride, then even 
in the presence of very considerable amounts of calcium, the 
pigment granules do not break down. With concentrations of 
sodium chloride up to one molar, very tiny amounts of calcium- 
are sufficient to produce a disappearance of the pigment granules. 
But when the concentration of sodium chloride is raised to one 
and a half molar, much larger amounts of calcium can be added 
without any visible effect on the pigment granules. A curve may 
be plotted which will show the exact concentration of sodium 
necessary to prevent the action of calcium when it is present in 
varying amounts. Such curves are very interesting, especially 
when one notices the variations produced in them by the addition 
of reagents of one sort or another to the reacting system. Work 
of this sort is now in progress. 
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Sodium chloride is not the only salt that prevents the action 
of calcium on pigment granules. Ammonium chloride, lithium 
chloride, and potassium chloride all act in the same fashion. 
When one compares the action of these salts, it can be shown 
that the various cations are not equally effective. Ihe following 
is the order of their efficiency in inhibiting the reaction betv een 
calcium and pigment granules: 

NH 4 > Na > K > Li. 

This order is that of the lyotropic series. In studying the hydro- 
lysis of an ester, Arrhenius* found that ammonium salts exerted 
a greater inhibiting influence on the reaction than sodium or 
potassium ions. He also found that the more readily adsorbed 
anions had a greater inhibiting effect than the less readily adsorbed 
anions. So too in the Arbacia pigment granule reaction, the 
sulphocyanate ion tends to prevent breakdown of the granule 
more than does the chloride ion. There is thus a hint that the 
first stage of the surface precipitation reaction in the Arbacia 
egg may involve the hydrolysis of an ester. In view of the fact 
that cytoplasmic granules may very well be surrounded by a 
lipoid film (see p. 30), the theoretical possibilities are interesting. 
Calcium by forming an insoluble soap and thus removing one of 
the products of the reaction, might favor the hydrolysis of a 
fatty substance. It is hardly worth while to push the theoretical 
discussion any further. We must wait for further experimen- 
tation. Fortunately the experiments are very simple to perform. 
We are really in a position to study a single reaction system of 
protoplasm outside of the living cell, but vet in definite relation 
to one of its morphological constituents. This is indeed a great 
opportunity. 

It must not by any chance be thought that the reaction of 
pigment granule plus calcium is simple. In order to give an idea 
ofthe' complexities, it may be stated that if eggs are crushed in 
concentrated calcium chloride solutions, there is no breakdown of 
pigment granules. This is indeed surprising. However, if the eggs 
are crushed immediately, within 5 seconds after entrance into 
the calcium solutions, there is a breakdown of pigment granules. 
Apparently in the concentrated calcium chloride solutions, or 
perhaps in any concentrated solutions, there is the formation 


* Arrhenius 1887, Zeitschr. f. physik. Chem., vol. 1, p. HO. 
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within the egg of a substance which protects the pigment granules 
from breakdown. The fact that dilute calcium solutions favor 
the first stage of the surface precipitation reaction and concen- 
trated solutions prevent it reminds one of the fact that dilute 
calcium solutions favor blood coagulation, but that more concen- 
trated solutions retard it. 

In the preceding pages we have emphasized the fact that 
in many respects the surface precipitation reaction of the sea- 
urchin egg resembles the blood coagulation of higher animals. 
But of course there must be differences. One such difference lies 
in the fact that .whereas the coagulation of mammalian blood can 
only occur between fairly narrow limits of hydrogen ion concen- 
tration, the cell reaction is rather independent of the pH. Kttgel- 
mass* showed that blood coagulated only between pH 5 and 
pH 8. On the other hand, the surface precipitation reaction can 
occur at pH 3 and pH 10 and perhaps in even more acid and 
alkaline media. It should be remembered however that ovo throm- 
bi bis destroyed by acid. 

The student of blood physiology is faced with the problem 
of why the blood does not coagulate within the vessels, and he 
has proposed various types of explanation to account for the 
fact that the blood remains fluid as long as it stays inside the 
arteries. There is a similar problem involved in the surface preci- 
pitation reaction of living cells. Why does it not occur in the cell 
interior ? Within the cell both calcium and pigment granules are 
j>resent. We would expect that these would react, that the pigment 
granules would disappear and that films or membranes would be 
formed within the cell. 

It seems probable that the surface precipitation reaction 
does not occur in the cell interior because of the absence of free 
calcium there. It has already been pointed out that when a cell 
is washed for a single minute in isotonic sodium chloride solution, 
that this treatment is sufficient to prevent a reaction when the 
cell is crushed. Treatment for a minute could hardly remove 
the calcium from the egg interior. We have reason to believe, 
therefore, that the calcium of the cell is not in a form available 
for the surface precipitation reaction. Perhaps it is adsorbed at 
the surfaces at some of the cell granules. If this were the case, 


* Kugelmass 1923, Arch. Intern, de Physiol., vol. 21, p. 139. 


232 


CHAPTER XIII 


then if we placed the eggs in an isotonic solution of calcium 
chloride, more and more calcium would enter the cell until at 
length there would be enough calcium to cause a breakdown of 
the^ pigment granules. This is actually what happens. When 
Arbacia egg cells are immersed in isotonic calcium chloride, at 
first there is a liquefaction of the cytoplasm, but then following 
an interval which varies greatly under different conditions, but 
which usually lasts several hours, there is a breakdown of pigment 
granules, and the egg interior becomes filled with numerous small 
vacuoles. Beyond much question these vacuoles are comparable 
with the vacuoles which can be seen when an egg is crushed under 
a cover slip and which are shown in Fig. 12. The wall of the 
vacuoles is doubtless the same sort of a film as the film which is 
produced in the surface precipitation reaction. By introducing 
additional calcium into the egg we have thus produced a surface 
precipitation reaction throughout the cell. Such a cell full of 
tiny vacuoles and with its pigment granules broken down presents 
a picture which since the studies of Loeb has usually been referred 
to as “pale cytolysis”. If it be true that cytolysis hi the sea- 
urchin egg is to be identified with a surface precipitation reaction 
throughout the cell, this is a very important conclusion, fox it 
enables us to investigate the problem of such cytolysis from a 
new angle. This subject will be taken up in the next chapter. 


CHAPTER XIV 


A SPECIFIC COLLOID CHEMICAL REACTION 
PECULIAR TO LIVING ORGANISMS 

In this chapter an attempt will he made to bring together 
information concerning a reaction of the living protoplasm which 
has been studied by botanists, zoologists, physiologists, and 
pathologists. In its different forms it has been called a host of 
names at one time or another, and as a result workers in various 
fields have usually failed to recognize the extremely general 
nature of a phenomenon of which they have studied only a single 
aspect. If, in the pages that follow, it can be demonstrated that 
there is one essential reaction, which is fundamentally the same 
for many and perhaps all types of protoplasm, a great deal will 
have been accomplished. Often wdiat is difficult or impossible 
to understand for a given type of cell is relatively simple for 
another. By bringing together all the information from various 
branches of the biological field, much can be gained. 

The originator of the protoplasmic concept, Dltjardin, was 
well aware of the tendency of protoplasm to undergo vacuoli- 
zation, and indeed he regarded this as one of its essential, if not 
its most essential characteristic. In his first paper on protoplasm 
or sarcode, published in 1835, he says, “Mais la propriety la plus 
etrange du Sarcode c’est la production spontanee, dans sa masse, 
de vacuoles ou petites cavitds spheriques”. Later, in 1841, he 
writes that when he first defined the concept of sarcode, he felt 
that the peculiar property which living substance possessed of 
filling itself with watery vacuoles, was the very property which 
distinguished it most clearly from inanimate substances such as 
gelatin, mucus, or albumin. 

Since Dujardin, no one has so strongly emphasized the 
vacuole-forming capacity of protoplasm. But there have been no 
lack of observations. Some of these we shall now proceed to 
consider. 


234 


CHAPTER XXV 


If a living cell is placed in a hypotonic solution or in distilled 
water, it expands or at least tends to expand. This is common 
knowledge. But it does not seem to be so generally known that 
when a cell is placed in a sufficiently dilute solution or in water, 
vacuoles appear in the protoplasm. As a matter of fact, this- 
phenomenon was known long before our present understanding 
of the osmotic behavior of a cell was arrived at. As it became 
increasingly evident that the laws of osmotic pressure constituted 
a satisfactory explanation of the expansion of a cell in water and 
hypotonic solutions, the older literature regarding vacuole for- 
mation was forgotten. The botanists of the middle of the nine- 
teenth century seem to have regarded the entrance of water 
into a cell as primarily due to the formation of watery vacuoles 
within the protoplasm. This view is hardly feasible now, hut it 
is nevertheless of interest to know that there are numerous 
observations which show that water does cause vacuole formation 
in plant protoplasm. Who was the first to describe thisphemo- 
nenon is not certain. In 1867, Hofmeisteb in his hook on plant 
cytology, discusses the subject as though it were rather old and 
the facts well known. He says, “Die Entstehung und Ausbildung 
von Vacuolen ist direct zu beobachten an alien (von der groBeren 
Dichtigkeit der peripherischen Schicht abgesehen) homogenen 
Protoplasmamassen, welehe in Wasser gelangen . Then he goes 
on to cite numerous examples, and he attempts a theoretical 
explanation of why entering water should cause vacuole formation 
in protoplasm. 

Wiesner ’69 in studying yeast cells noted that both when 
water entered the cell rapidly, and when it was made to leave 
rapidly by placing the cells in concentrated solutions, vacuoles 
appeared in the protoplasm. The fact that either a gain or a loss 
of water can cause vacuole formation is important. Compare 
also Kuster T8. 

Some years later, Schwarz ’87 published some descriptions 
of the action of water on plant protoplasm. Figure 13 is taken 
from his monograph. It shows a young cell from the root tip of 
a pea seedling. Following treatment with water, the suifaee 
protoplasmic layer has become filled with small vacuoles. Schwarz 
also describes vacuole formation in the nuclei of some cells follow- 
ing exposure to distilled water, and there is moreover a vacuo- 
lization of chloroplasts. 
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Doubtless a thorough search of the botanical literature 
would bring to light many other descriptions of vacuole formation 
following treatment with distilled water. However, it is hardly 
necessary to multiply references. The fact is clear that distilled 
water does cause many vacuoles to form within plant protoplasm,. 

Many other agencies also cause vacuoles to appear in the 
protoplasm of plant cells. Unfortunately, no one seems to have 
been especially interested in the process of vacuole formation, 
so that in going through the literature one has to depend on 
sporadic observations made by various authors in the course of 
investigations on one subject or another. 

Apparently fat solvents act 
like distilled water on plant pro- 
( toplasm. Nadson and Meisl ’26 
describe the formation of va- 
cuoles in onion epidermis cells 
following treatment with chloro- 
form. 

Both acids and alkalies 
cause a vacuolization of plant 
protoplasm. This was very care- 
fully described by Klemm ’95, 
who studied a number of diffe- 
rent types of material. See also 
Degen. ’05, and compare Chap. 

11, p. 199. 

When an electric current is 
sent through plant tissue, vacu- 
oles often appear in the protoplasm of the cells. This phenomenon 
has been described by Velte]s t ’76b and by Klemm ’95. Radium 
radiations also cause a vacuolization of plant protoplasm (Wil- 
liams ’25, Nadson ’25). . > . 

When plant cells are subjected to pressure or to mechanical 
injury, vacuoles appear in them. Velten ’76b states, 4: Rei 
starkerer Einwirkung des elektrisehen Stromes, ebenso bei Druek- 
wirkungen entstehen in den verschiedensten Zellen, wie dies 
bereits bekannt, Vacuolen”. Unfortunately he gives no references 
to the older literature. Nemec ’01b describes the formation of 
vacuoles in the cells of onion roots. When a root is cut or injured, 
vacuoles appear in the cells in the neighborhood of the cut, and 



Fig. 13. Vacuoles in the proto- 
plasm of a root cell which has 
been exposed to distilled- water, 
after Schwarz ’87. 
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there is a wave of vacuole formation which proceeds in all direc- 
tions from the injured surface. Heilbronn '21 describes vacuoli- 
zation of slime mold protoplasm following mechanical injury. 
Bubnning ’26 b states that numerous vacuoles appear in onion 
epidermis cells as a result of mechanical coagulation. 

Many authors have described vacuolization of plant protoplasm 
following exposure to high temperatures. These include George-, 
vttch TO, Hartmann T8, T9, Wassermann ’21a, b; Yamaha 
’27 b. Practically all of the work has been done on fixed material. 

Naegeli ’55 described the formation of vacuoles in degenera- 
ting plant protoplasm. 

From our brief survey, it is apparent that distilled water, 
fat solvents (at any rate chloroform), acids and alkalies, mechani- 
cal injury, heat and the electric current all cause the appearance 
of vacuoles in various types of plant cells. 

The literature on animal cells is more complicated, and we 
shall have to approach it from a number of different angles. In 
the first place, the observations on protozoan protoplasm are 
much, like those which have been made for plant cells. Schultze 
’63 describes the formation of vacuoles in the protoplasm of 
Foraminifem treated with distilled water. A similar observation 
has recently been made by Lepeschkin ’25 a. Passage of an 
electric current causes vacuoles to appear in ameba (Verworn 
’96b), and in paramecium (Wallejtgrbn ’03, Statkewitsch ’06). 
Radium treatment produces vacuolization in ameba (Zuelzer 
and Philipp ’25). Lack of food may induce vacuole formation 
in protozoa, Wallengren ’02. As a matter of fact, vacuoles 
frequently appear in protozoan protoplasm under natural condi- 
tions. This is very apparent if one glances through Butschli’s 
monograph on the protozoa (’82— ’89). Interesting figures of 
the extent to which this vacuolization may go are shown in a 
paper by Spbk ’24 a. 

There have been occasional descriptions of vacuole formation 
in blood cells. Frommann ’84 frequently refers to the appearance 
of vacuoles in the blood cells of crabs. Boettcher ’66 describes 
the production of vacuoles in vertebrate blood cells treated with 
distilled water and with chloroform vapor. One or two other 
instances of vacuoles in blood cells will be mentioned later. 

Vacuolization phenomena in the tissue cells of vertebrates 
have not infrequently been studied by pathologists. The literature 
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is not always easy to interpret. This is in part due to the fact that 
most of the work has been done on sectioned material, in part 
to the variety of terms used by different workers. Virchow 
{see Virchow ’71) coined the expression cloudy swelling (“triibe 
SchweUung”), and since Virchow’s time this term has been a 
favorite one in the pathological literature. A cell which shows 
cloudy swelling is larger (and consequently paler), and it has in 
its protoplasm granules which have evidently been precipitated 
there. Apparently in animal cells as in plant cells (see Klemm '95), 
there are two types of degenerative change, which may occur 
separately or together. One is the precipitation of new granules 
within the cytoplasm, the other is the formation of vacuoles there. 
Perhaps if the term cloudy swelling is to be specific, it should, 
be restricted to those cases in which new granules appear in the 
cytoplasm. This appears to be in accordance with the original 
idea of Virchow. Some recent authors, however, identify cloudy 
swelling with vacuole formation (see for example Rumjantzew 
’26 a). The appearance of new granules in the protoplasm, in 
many cases at least, is due to the precipitation of protein material, 
and we have already had occasion to note instances in which 
this undoubtedly occurs. It may be that such a precipitation 
may later involve vacuole formation. This we can at present not 
decide. It is at least certain that in degenerating cells, vacuoles 
very frequently appear in the protoplasm. Such vacuolization 
was described by Galeotti ’95 for the kidney cells of poisoned 
salamanders. The most enthusiastic observer of vacuole formation 
was undoubtedly Albrecht. He published numerous papers 
between 1898 and 1907, papers which are richer in ideas and 
interpretations than in actual observations. An understanding 
of Albrecht’s ideas is perhaps best obtained from his general 
review- written in 1907. Albrecht found that when kidney cells 
were treated with water, numerous vacuoles appeared in the proto- 
plasm. He described the same phenomenon for various other 
cells, including sea-urchin eggs. Albrecht seems to have regarded 
protoplasm as essentially a mixture of tw r o fluids. Under certain 
conditions, one fluid might separate from the other just as drop- 
lets of phenol separate out from a mixture of phenol and water. 
Because of this supposed resemblance, Albrecht always refers 
to vacuole formation in protoplasm as “tropfige Entmischung” 
Albrecht apparently never attempted to identify the fluid which 
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formed the non-aqueous phase in his imaginary system, and he 
never showed that the vacuoles contained anything but water. 
In some cells, the vacuoles must surely consist of water, for the 
volume of the vacuoles is greater than the entire volume of the 
cell before vacuolization. This, indeed, is true of the sea-urchin 
egg studied by Albrecht. How such a cell could produce a larger 
volume than its own of non-aqueous fluid, when three-fourths 
of its original volume was water, is indeed a mystery. It is surpri- 
sing therefore that the term “tropfige Entmischung” has received 
as serious consideration as it has. 

When cells are studied in tissue culture, degeneration is 
generally accompanied by the appearance of vacuoles in the 
cytoplasm. This has been noted by a number of invest igatois. 
Lewis T9 states that “This vacuolization of the cytoplasm is 
one of the most common modes of cell degeneration and death 
in tissue-cultures”. Other references to vacuolization in tissue 
cells are the following: Lewis and Lewis To, Burrows and 
Neyman T7, Lewis ’23a, b, Lewis and Lewis ’24, Rumjantzew 
’27, and Luna T7. However the vacuoles described by Luna 
are believed by Leivis T9 to be mitochondria vesicles rather 
than degeneration vesicles. An observation of Lewis and Lewis 
T5 may have importance. They find that “in many cells there 
is often a coincident change in the shape of the mitochondria 
until in cells which contain many vacuoles within the cytoplasm 
the mitochondria are no longer hi the shape of rods and threads 
but then appear as small granules”. Perhaps the appearance of 
the vacuoles is associated with a decrease in the amount of the 
formed elements, and especially the mitochondria of the proto- 
plasm. When vacuoles appear in kidney cells, certain rodlets 
characteristic of these cells disappear (Albrecht ’00). And in 
sea-urchin eggs, as will be pointed out later, vacuole formation 
is always accompanied either by a disappearance of definite 
granular elements in the protoplasm, or by a loss of substance from 
these elements. And the granules which disappear (the pigment 
granules) are perhaps homologons with mitochondria (see p. 20). 

It is in sea-urchin eggs that the process of vacuole formation 
has received the most attention. Albrecht ’99 was perhaps the 
first to notice it in these eggs, and in his papers he often refers 
to the process in these cells and compares it with similar vacuole 
formations he observed in other types of living material. But 
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our knowledge of vacuole formation in sea-urchin eggs is due 
mostly to Loeb. His attention seems to have been first called 
to it in 1904. In that year (Loeb '04) he describes what he calls 
a cytolysis of the sea-urchin egg. The cytolyzed egg loses its 
pigment and becomes converted into a pale shadow, at the same 
time increasing greatly in volume. A similar change had probably 
been seen by O. and R Hebtwig ’87, for in their paper they 
refer to the characteristic glassy appearance of eggs treated with 
a toxic dose of chloroform. Loeb was the first to use the term 
cytolysis for marine eggs. He seems to have borrowed it from the 
literature of immunology, where it has had a long history (for 
a "survey of the older immunological literature, see London ’02). 
But Loeb does not use the term in exactly the same sense in which 
it is used by the immunologists. From its derivation cytolysis 
means a solution of cells, and in a typical, or perhaps we could 
say a complete cytolysis, the cells dissolve and disappear. In 
modern immunological literature, cytolysis denotes such a solu- 
tion or disappearance of cells (see for example Lauebergeb ’27). 
In the sea-urchin egg, according to Loeb, cytolysis involves 
increase in volume, and loss of pigment. Later ( J 06), he refers 
to this type of cytolysis as pale cytolysis, in contrast to a dark 
cytolysis in which the egg does not increase in volume. In this 
dark cytolysis, the egg breaks up into a mass of small droplets. 
As a matter of fact, in both types of cytolysis as distinguished by 
Loeb, there is droplet or vacuole formation throughout the egg. 
In Loeb’s book published in-1913, he shows no droplets or vacuoles 
in an egg cytolyzed in distilled water (Fig. 58), but vacuoles are 
clearly shown in the case of an egg cytolyzed by salicylic aldehyde 
(Fig. 51). It is however true that vacuoles do appear in eggs 
cytolyzed in distilled water (compare Albbecht ’99). 

It is an unfortunate circumstance that no one has ever 
studied from a morphological standpoint -what Loeb chose to 
call cytolysis. From many unpublished observations on eytoly- 
zed eggs, it seems certain that in every case droplets or vacuoles 
appear in the protoplasm. 

It is an open question whether or not it is advisable to retain 
the term cytolysis as applied to sea-urchin eggs. But it is at least 
certain that in these eggs there is a reaction in which numerous 
vacuoles appear in the cytoplasm. This vacuole formation is 
always accompanied by a diffusion of pigment from the egg into 
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the surrounding medium, in the case of those eggs which have a 
visible pigment. In the Arbacia egg, the pigment granules may 
break down completely, or they may merely lose some of their 
pigment and still remain distinguishable within the egg. In what 
Loeb called pale cytolysis, the pigment granules completely 
disappear. In his dark cytolysis, apparently they do not, and m 
this latter form of reaction, the egg does not undergo a great 
increase in volume. 

In Loeb’s studies on what he called cytolysis of sea-urchin 
eggs, he was influenced by the literature on hemolysis, and 
especially by the papers of Koeppe (see Koeppe ’03). Koeppe 
had found, and he knowledge is really much older than Koeppe, 
that hemolysis of red blood cells is caused by water, by heat, by 
acids, by alkalies, and by fat solvents. Loeb and his student von 
Knaffl-Lenz studied the effect of these various agents onsea-urehm 
eggs, and it is Loeb’s opinion that all of them cause a cytolysis 
of the cortical. layer of the eggs. Loeb’s ideas on the subject of 
this cortical cytolysis were always a little vague, but he was 
certain that any agent which produced activation or the begin- 
nings of development in sea-urchin eggs, also occasioned a cortical 
cytolysis. On longer exposure to these parthenogenetic agents, 
there was a complete cytolysis. From von Knaffl-Lenz’s work 
and fromLoEB’s book (’13), it is clear that water, heat, fat solvents, 
and also the well known hemolytic agent saponin all cause cyto- 
lysis of the sea-urchin egg. According to von Knaffl-Lenz ’08 
fatty acids cause a cytolysis of the sea-urchin egg, but mineral 
acids have no such action. On the other hand, Dragoiu, Vles, 
and Rose ’23 describe a cytolysis in the presence of mineral 
acid. The difference in results may be due to a difference m 
material. From von Knaffl-Lenz’s account, it is not clear 
whether alkalies* cause cytolysis or not. Certain it is that most of 
the agents that typically cause hemolysis of red blood cells do 
actually cause vacuole formation and loss of pigment from sea- 
urchin eggs. 

It should be pointed out that when sea-urchin eggs are left 
in dishes containing sea-water, they undergo a degeneration 
process or a cytolysis which also involves a vacuolization and a 
loss of pigment. It is apparent, therefore, that in sea-urchin 
eggs there is a reaction which resembles on the one hand the 
vacuolization phenomena as observed in plant cells and in tissue 
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culture cells, and on the other hand is related to the well-known 
hemolysis process of red blood cells. 

Just what does this hemolysis consist of ? When a red blood 
cell becomes hemolyzed, pigment escapes from it. This appears 
to be the essential criterion of hemolysis, although in many 
instances escape of pigment is accompanied by marked increase 
in the volume of the red blood cell: it is then said to become a 
“ghost”. Nome 1 ’09 defines hemolysis as a destruction or deteriora- 
tion of the red blood cells, and he says that when it is complete, 
the cell completely disappears. Our knowledge of hemolysis is 
very old. Milne Edwards ’58 cites various references to older 
literature. The hemolysis of red blood cells in distilled water was 
described by Muller in 1832, and in his book published in 1835, 
Muller also described other types of hemolysis. In his studies 
of the physiology of blood, Muller was apparently not very 
conversant with the older work of Hewson. He rarely refers to 
this author, and indeed he w r as severely criticized by one of his 
contemporaries for this failure to make proper reference. In a 
posthumous work of Hewson 1785 (see p. 14), there is a clear 
description of hemolysis produced by water. “Ubi multum aquae 
additum est, vesicula sensim tenuior magisque pellucida reddetur, 
et tandem dissolvetur” . When much water is added, the vesicle, 
that is to say the blood cell, gradually becomes thinner, and more 
pellucid, and at last dissolves. Hewson also describes hemolysis 
in dilute solutions of mineral acids. It is not improbable that 
there are even older descriptions than those of Hewson. 

Partly because of the importance of the subject, and partly 
also because it is a relatively simple matter to make observations 
on the escape of pigment from red blood cells, many authors 
have studied hemolysis. The literature is now vast. Nolf in 1909 
cites well over 200 titles, and he limited himself to the literature 
of the twenty years preceding. As a matter of fact, practically 
all of his references are to papers published between 1900 and 
1908. Since 1908 there has been no decline in the output of 
dapers on hemolysis. The bacteriologist, the clinician, the physio- 
logist, even the chemist has attempted to contribute to the 
solution of the problem of the destruction of the red blood cell. 
All of this literature does not concern us. The bacteriologist is 
frequently interested in hemolysis merely because it is a convenient 
index of the presence or the properties of materials which he is 
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unable to define chemically. Our primary aim is to show first 
that certain types of hemolysis involve a species of cell reaction 
which is found in many cells other than blood cells, and it is our 
hope that starting from this line of approach we may be able to 
throw light on some of the mysteries of hemolysis, especially m 
so far as they are related to the colloid chemistry of the proto- 

olasm of the blood cell. . 

In general the student of physiology studies only end mani- 
festations. For example he measures the carbon dioxide produced 
by cells or organisms, or the electric current generated in the 
course of one vital phenomenon or another, but it is the handicap 
of the science that in the main the physiologist has little concep- 
tion of the actual reactions or changes which are responsible for 
the end results he is able to measure. In no field of cellular physio- 
logy is this more true than in the study of hemolysis. Whereas 
many cells are favorable for microscopic study, the red blood 
cell is extremely small and it shows little under the microscope. 
The study of hemolysis has proceeded almost purely along physio- 
logical lines. This is a severe handicap. In larger cells, in which 
reactions similar to hemolysis go on, physiological study can better 
be combined with morphological study. 

The usual type of hemolysis of the red blood cell finds its 
exact counterpart in the process of cytolysis or vacuole formation 
as it occurs in the egg of the sea-urchin Arbacia. In both sea- 
urchin eggs and blood cells there is typically an increase m 
volume accompanied by a loss of pigment. And, as Loeb first 
pointed out, the reagents which cause hemolysis of blood cells 
regularly cause what he termed cytolysis of sea-urchin eggs. 
Distilled water, saponin, bile salts, fat solvents, soaps, on the 
one hand produce hemolysis, and on the other cause cytolysis of 
Arbacia eggs. It might be thought that there is a difference in the 
fact that vacuoles appear within the cytoplasm of eggs, whereas 
one does not ordinarily think of them as being formed during 
hemolysis. Against this argument, it can be stated first that 
vacuoles are not always very easy to see even in cells as large as 
sea-urchin eggs. Loeb often failed to notice them when they 
were present (compare p. 239). In small blood cells they would 
be still harder to recognize. Actually, some of the older anato- ■ 
mists in their drawings of hemolyzed blood cells do show struc- 
tures within the stroma which might very well be interpreted 
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as vacuoles. In the larger blood cells of Amphibia, vacuoles can 
more readily be observed. In vonEbner’s revision of Koelliker’s 
Handbuch (von Ebner ’02, p. 728), he notes the appearance of 
vacuoles in such cells following treatment with ammonium 
chloride. This reagent is a well known hemolytic agent. Yon 
Ebner also figures human blood cells with what he calls vacuole- 
like spots. Boettcher ’66 describes the appearance of vesicles 
and vacuole-like structures in various types of blood cells when 
they were treated with chloroform vapor, and with distilled water, 
both typical hemolytic agents. In some cases? he apparently 
mistook vacuoles for nuclei of mammalian red blodd cells. Doubt- 
less more thorough search of the literature would reveal other 
instances in which authors have described vacuole formation 
following hemolysis. Perhaps it would be simpler to make a few 
studies of the hemolyzed blood cells of salamanders. It is rather 
surprising that in recent years these cells have been so little used 
in studies of hemolysis. But, as a matter. of fact, additional 
evidence is scarcely necessary. From the previous discussion • it 
must be evident that hemolysis of blood cells and what Loeb 
called cytolysis of egg cells have much in common. It must not 
be supposed, however, that every reagent which causes a loss 
of pigment of blood cells will cause a typical cytolysis of the 
sea-urchin egg. Some reagents cause loss of pigment in Arbacia 
eggs without apparently causing any pronounced vacuolization. 
This is probably due to the presence of complicating factors. 

It is perhaps easier to assume that hemolysis and cytolysis 
of egg cells are related phenomena, than to assume that cyto- 
lysis of egg cells corresponds to the vacuole formations which 
occur in plant cells. One reason for this is the fact that the evi- 
dence that lies at our disposal is very fragmentary. If one considers 
the action of a reagent like distilled water, it is logical to assume 
that the vacuoles it produces in plant cells are similar in origin 
to the vacuoles it produces in protozoa and in sea-urchin eggs. 
It might however be urged that some of the agents which cause 
vacuole formation in plant protoplasm have no such effect on 
animal protoplasm. Thus in the botanical literature mechanical 
injury has frequently been described as producing small vacuoles 
in plant protoplasm, and at first sight it might be thought that 
this did not occur in animal cells, for in recent years at least 
there has been almost no literature on the subject. But in the 
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last chapter it was shown that when sea-urchin eggs are torn, 
many vacuoles appear in the cytoplasm (see Fig. 12), and it 
may also be remembered that Dtjjabdik 1835 described vacuole 
formation in protozoan protoplasm following injury. 

It is interesting to compare the action of the electric current 
on various types of living substance. In both plant and protozoan 
protoplasm, the electric current regularly causes vacuole formation. 
In Arbacia eggs it causes cytolysis (Lillie and Cattell 25), in 
red blood cells, as is well known, it causes hemolysis (compare for 
example Rollett ’71). It should be noted that in none of these 
instances was the experimental procedure such that the effects 
of the electric current could possibly have been due to the pro- 
duction of electrolytic decomposition products. 

It, might be argued that one of the characteristics of hemolv sis 
and cytolysis is an escape of pigment, and that this has not been 
observed in plant material. It is true that this phase of the sub- 
ject has received very little attention on the part of botanists, 
but Boas ’20, ’21 has shown that saponin causes an escape of 
pigment from some plant cells, and Czapek ’ll brought together 
many instances in which fat solvents caused the escape of various 
Substances from plant cells. These it is true were in the cell sap 
and dissolved. But perhaps even in those cases in which pigment 
is not seen to be located in visible granules, it- is bound to sub- 
microns, that is to say to ultramicroscopic particles. 

Our general conclusion is that in all types of protoplasm 
there is a definite type of response to such agents as distilled 
water, fat solvents, the electric current, mechanical injury, etc. 
This reponse is typically characterized by the appearance ot 
numerous small vacuoles within the protoplasm. Frequently, 
though not always, it is accompanied by an increase in the volume 
of the cell. When pigment is present in the cell, this always 
escapes. 

The reaction that we have described is definite enough to 
deserve a name. The term “tropfige Entmisckung” used by 
Albrecht for certain aspects of the reaction can not very veil 
be used, for it carries with it a highly improbable interpretation 
D f the constitution of the protoplasm. The term cytolysis has 
certain advantages in spite of the fact that in its original use in 
the science of immunology it carried various other meanings. 
Rut cytolysis, as it is now used, seems to imply destruction, and 
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it is very doubtful if in all cases of vacuole formation, especially 
in plant protoplasm, lethal changes are involved. Velten ’76 b 
clearly states that the vacuoles once formed may disappear again. 
There can be no question but that a new name is needed, but it 
will probably be best to wait until the reaction is better understood 
and more completely and thoroughly described before a distinc- 
tive name is given to it. 

We are now in a position to inquire into the mechanism of 
the reaction we have been considering. In no case can the reaction 
be studied more clearly than in the egg of the sea-urchin. At any 
rate in no other type of protoplasm aside from blood cells has there 
been any study of the mechanism of the reaction. In the remaining 
pages of this chapter, therefore, an attempt will be made to outline 
some of the factors on which the reaction in the sea-urchin egg 
depends. In the course of the discussion, occasional reference 
will be made to the process of hemolysis in blood cells. 

In spite of the fact that. Loeb many times emphasized the 
importance of the so-called cytolysis of sea-urchin eggs, he made 
little effort to explain the mechanism of the process. In pages 
188 to 190 of his book (’13), he expresses some vague general ideas 
regarding the possible nature of cytolysis. Saponin and benzine, 
he states, dissolve the chorion or jelly of mollusc and annelid eggs. 
He then cites von Knaffl-Lenz’s views to the effect that cyto- 
lysis is due primarily to the liquefaction of lipoids, and he makes 
the following quotation from von Knaffl-Lenz, “The mechanism 
of cytolysis consists in the liquefaction of the lipoids, and there- 
upon the lipoid-free protein swells or is dissolved by taking up 
water.” 

Loeb thus apparently believes that cytolysis in sea-iircliiii 
eggs is primarily a liquefaction i f the protoplasm. This it most 
certainly is not, for viscosity tests indicate beyond the question 
of a doubt that during cytolysis, the viscosity of the egg proto- 
plasm increases enormously. 

Moore T7a and b, published two papers on the mechanism 
of cytolysis in sea-urchin eggs. From a study of the temperature 
coefficient of hot water cytolysis, he voices the opinion that 
cytolysis is due to a monomolecular chemical reaction. In view 
oi the fact that most chemical reactions in colloidal media behave 
as monomolecular reactions, this is equivalent to saying that 
cytolysis is due to a chemical reaction. Very possibly it is, but 
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unless we know w r hich substances are involved in the reaction, 
we have scarcely made much progress toward a solution of 0111 
problem. 

In the next few pages we shall seek to interpret at least 
certain' aspects of what Loeb called cytolysis in sea-urchm eggs. 
This discussion can not be very satisfactory, for it is based for the 
most part on experiments now in progress and still unpublished. 

As has already been stated, in the Arbacia egg, treatment 
with various reagents is followed by the appearance of numerous 
vacuoles within the protoplasm, so that the protoplasm eventually 
becomes a mass of such vacuoles. At the same time, pigment is 
given off by the eggs. Frequently the egg volume increases, but 
this volume increase does not always occur, and when it docs 
it is probably rather a cause of the reactions that follow than a 
result. This will be more clear later. 

The first point that should he clearly recognized is that 
the escape of pigment from Arbacia eggs does not depend on the 
increased permeability of the egg membrane, or rather it is \er\ 
little dependent on such permeability change. This follows imme- 
diately from the fact that the egg membrane or plasma mem- 
braneof the Arbacia egg is at all times freely permeable to the egg 
pigment. Anyone who has worked with Arbacia eggs knows that 
the water standing over them is continually colored by pigment 
escaping from them. Moreover the pigment within the eggs is 
not for the most part free in the cytoplasm, but is definitely con- 
centrated in easily visible pigment granules which are shown both 
in Fig. 1 and in Fig. 12. Frequently these pigment granules can 
be seen to break down, and then the pigment is released both 
to the rest of the cytoplasm and to the medium surrounding the 
eggs. As a matter of fact, the reaction we arc considering involves 
a visible change in these pigment granules, and in most instances 
they disappear completely, with the result that their pigment 
is dispersed. It is probable that in blood cells too the escape of 
pigment is not so much, due to a change in permeability of the 
membrane of the blood corpuscle, as it was the fashion to believe 
around 1900, but rather more to some change within the corpuscle 
that sets the hemoglobin free. This follows in part from the fact 
that the hemoglobin can scarcely be contained in solution within 
the corpuscle, for the corpuscle contains more hemoglobin than 
it would be possible for it to have in a state of solution. Apparently 
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among students of hemolysis there is a growing tendency to 
attribute the retention of hemoglobin within the blood cell more 
to the binding of the pigment by substances of the cell protoplasm 
and less to the impermeability of the cell membrane (see for 
example Mond 5 2o). 

Our second point, and this is really the crux of the entire 
argument, is that the formation of vacuoles throughout the 
protoplasm of the sea-urchin egg depends on the same reaction 
that we have called the surface precipitation reaction, and which 
we have considered in the last chapter. When an Arhacia egg is 
crushed or torn, so that the protoplasm exudes, it may rarely 
form only a single film or membrane about its free surface. Much 
more usually, especially if the protoplasm exudes rapidly and 
there is plenty of calcium in the surrounding medium, the film 
or membrane formation is not confined to the outer boundary 
of the emerging droplet. As was pointed out in the last chapter, 
other films are formed within the main mass of the exuding proto- 
plasm, and these films are in the form of vacuoles. Such vacuoles 
are clearly shown in Fig. 12. That they are the exact equivalent of 
the vacuoles which appear in so-called cytolyzed eggs is certain. 
From eggs which show one or two or a few vacuoles, there is 
every gradation to those which are filled through their entire 
volume with vacuoles and are thus, in the common sense of the 
term, cytolyzed. In order to produce such cytolysis, it is only 
necessary to crush the eggs very violently. 

That the reaction which produces vacuoles is exactly the 
same as that which causes a membrane to form on the surface 
of the naked protoplasm follows also from the fact that the same 
substances play a part in the reaction. Cytolysis as generally 
described involves a release of pigment from the egg, and this 
depends of course on a breakdown or at least a partial breakdown 
of the pigment granules. Thus for vacuole formation in the cell 
interior, just as for the surface precipitation reaction at the border 
of an emerging droplet, the pigment granules are essential. Se- 
condly, calcium is also a prerequisite for the appearance of vacu- 
oles. In eggs crushed in the absence of calcium, there is an absence 
of the surface precipitation reaction, and also a complete absence 
of vacuole formation in the exuding protoplasm. 

We can therefore regard our second point as established. 
Vacuole formation, as it occurs in the Arbacia egg in what has 
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been called cytolysis, is really an internal surface precipitation 
reaction. 

In the last chapter it was shown that whenever the pigment 
granules of the Arbacia egg were placed in the presence of free 
calcium in sufficient concentration, a reaction immediately ensued 
which was the first of a series of reactions comprising the surface 
precipitation reaction. Apparently the reaction between pigment 
granule and calcium can occur in the egg interior as well as m 
the protoplasm pressed out of the egg. If this is the case, then 
it is only necessary to increase the concentration of free calcium 
within the cell beyond a certain point in order to produce a 
vacuole formation throughout the entire egg, or in other words 
a cytolysis. 

If we make the assumption that the calcium within the egg 
is for the most part hound with some fatty or lipoid substance, 
then we can offer an explanation which will fit practically all 
of the known facts. This assumption is certainly a logical one 
to make. Analyses of protoplasm show a high content of salts, 
and it is certain that the ions of these salts are in large measure 
combined with some constituent or constituents of the proto- 
plasm (see p. 25). They can be combined either with proteins 
or lipoids or both. For the sake of our argument we will assume 
that the calcium is for the most part combined with lipoid, and 
furthermore that calcium is set free when the lipoid is dissolved. 
There is evidence that the surfaces of the protoplasmic granules 
have a lipoid film (see p. 30). If the calcium were adsorbed at 
such a film, solution of lipoid would certainly set calcium ions fiee. 

If our reasoning, or our assumption, is correct, the free cal- 
cium ion concentration of a cell may be increased in the following 
ways : 

1. By a rupture of the cell membrane. 

2. By a decrease in the volume of the cell, as for example 
when the cell is placed in a hypertonic solution. 

3. By long exposure to isotonic solutions of calcium salts. 

4. Bv any treatment which will tend to cause a solution of 
protoplasmic lipoids. Such treatments include: 

a) Heat, 

b) Fat solvents, 

e) Decrease in the salt content of the cell, i. e. increase in the 
cell volume. 
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4 c is perhaps not so readily understandable, but it must be 
remembered that Hansteen-Cranner *19, *22 showed that 
distilled water caused a solution of protoplasmic lipoids of plant 
cells. Runnstrom *23 has moreover presented evidence to show 
that lipoids in the sea-urchin egg are dissolved when the eggs 
are placed in hypotonic solutions (Compare also p. 211). 

We shall now proceed to show that every one of the methods 
of treatment outlined in the above scheme does actually cause 
pigment granule breakdown and vacuole formation in Arbacia eggs. 

We have already considered the case in which there is a 
rupture of the cell membrane. When cells are placed in hyper- 
tonic solutions, the decrease in volume, is of course accompanied 
by a corresponding increase in the calcium concentration of the 
interior. In sea-urchin eggs, strong hypertonic solutions cause 
what Loeb called a dark cytolysis. In this dark cytolysis, much 
pigment is set free from the pigment granules, and numerous 
vacuoles or vesicles form within the cytoplasm. It may be remem- 
bered that Wiesner "69 also described the formation of vacuoles 
in yeast cells following treatment with hypertonic solutions. 

In the literature, there is no reference to cytolysis following 
long exposure to calcium solutions. However in unpublished 
experiments it has frequently been found, as stated in the last 
chapter, that after long exposure to an isotonic calcium chloride 
solution, pigment granule breakdown occurs generally throughout 
the egg. Apparently when eggs are placed in such solutions of 
calcium chloride, the calcium as it enters the cell is for a time 
bound or adsorbed so that there is no reaction between it and the 
pigment granules. But eventually the limit is reached, no more 
calcium can be bound, or more exactly stated, the percentage of 
free calcium increases beyond a certain point, and an internal 
surface precipitation reaction occurs. 

Apparently most cytolytic agents act first by causing a 
solution of fats. Von Knaffl-Lenz *08 believed that all cyto- 
lytic agents acted by dissolving fats, but very obviously neither 
isotonic calcium chloride solutions, nor hypertonic solutions can 
be thought of as having a fat solvent action. Heat cytolysis was 
described by v. Knaffl-Lenz. Unpublished observations indicate 
that in this form of cytolysis, at least in the sea-urchin egg, 
there is not a complete breakdown of pigment granules, but 
only a loss of pigment from them. Von Knaffl-Lenz also de- 
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scribed, the action of fat solvents. As a matter of fact, in the 
action of fat solvents there are really two factors to be considered. 
Probably the fat solvent acts directly on the lipoids of the cell, 
at least in most cases, but it must be remembered that the cyto- 
Ivsis in fat solvents' is always accompanied or preceded by a great 
increase in the volume of the cell. This is apparently due to a 
decrease in the surface tension of the membrane of the cell (see 
below). The increase in volume produced by fat solvents could 
in itself cause a solution of lipoids. 

There are in general three types of agents which cause 
increase in volume of sea-urchin eggs. In the first place, hypo- 
tonic solutions or distilled water have an effect on the cell readily 
understandable from an osmotic standpoint . Secondly, substances 
which have a marked effect on surface tension by lowering the 
surface tension of the egg membrane, can cause a great increase 
in the volume of the cell. This phenomenon is not confined to 
sea-urchin eggs, but occurs in many types of protoplasm. The 
cell membrane is the seat of various forces, osmotic forces as well 
as others, and some of these press inward while others press 
outward. Normally, there is of course equilibrium. The surface 
tension of the surfaces at the periphery of the cell exerts a force 
which presses inward. When this force is diminished, the equili- 
brium is upset, and the volume of the cell increases, either until 
coagulation sets in, or until the increase in inward pressure due 
to the distension of the elastic cell membrane compensates for 
the lowering of surface tension*. 

Substances which lower surface tension certainly cause an 
increase in volume of free cells generally. But if our conception 
of the cell membrane is correct, if it is an elastic membrane 
stretched by the osmotic forces from within, it is obvious that a 
change in the elastic properties of the cell membrane can also cause 
a change in the volume of the cell. Many substances cause visible 
changes in the cell membrane of the Arbacia egg and these visible 
changes are doubtless associated with changes in the elastic proper- 
ties of the membrane. If the membrane becomes changed so that it 
takes less force to distend it, then. obviously the cell will increase 
in volume. This is apparently the explanation of the increase in 
volume which occurs in isotonic solution of sodium chloride and 


* But compare footnote on p. 203. 
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various other salts *. In an isotonic solutions of sodium chloride, 
the egg remains at its normal size as long as there is a small 
quantity of sea- water or calcium in the surrounding medium. 
If this is washed away, then the egg membrane can be seen to 
swell, and it also becomes sticky. These changes are accom- 
panied by an increase in the volume of the egg, and it goes through 
a typical process of cytolysis. Such cytolysis in isotonic solutions 
of sodium chloride and other salts is well known through the 
observations of R. S. Lillie, (for references see Lillie ’12). 
Sodium iodide and sulphoeyanate have a much more pronounced 
effect than sodium chloride. They cause a more pronounced 
change in the properties of the cell membrane. 

Increase in volume, no matter how it is caused, always 
results in release of pigment and vacuole formation in the sea- 
urchin egg. The release of pigment is in no sense the result of 
a change in the permeability of the cell or plasma membrane. 
Very possibly such a change in permeability may occur, but the 
escape of pigment is certainly related to visible changes in the 
pigment granules, for these can actually be seen to give up their 
pigment. 

The release of pigment from Arbacia eggs exposed to isotonic 
solutions of sodium chloride or sodium sulphoeyanate or ammo- 
nium chloride does not depend directly on the presence of these 
ions at all, but merely on the fact that hi solutions of these salts 
the eggs increase in volume. Sodium iodide and sodium sulpho- 
eyanate have no effect on the release of pigment from the pigment 
granules. This can be shown by crushing eggs in solutions of 
sodium iodide or sulphoeyanate in the absence of calcium ions. 
Under these conditions the pigment granules remain perfectly 
intact and do not lose pigment when they emerge from, the egg. 

Likewise the effect of saponin is due not to an action on 
the pigment granules but to some secondary effect. Pigment 
granules exposed to saponin show no breakdown or release of 
pigment. On the other hand when entire eggs are treated with 
saponin, the pigment granules in the interior do break down and 
disappear. The effect is probably to be attributed to the great 
increase in volume of the eggs in saponin solutions. A small 
amount of saponin hi the surrounding medium certainly lowers 


* For other types of explanation, see R. S. Lillie ’ll a, Jacobs ’28, 
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the surface tension of the egg membrane. Whether this is its 
only effect is not certain. For the purposes of our discussion it 
is enough to know that the egg undergoes a great increase m 
volume, and regarding this fact there can be no doubt. 

It is believed that the scheme that we have outlined offers 
an explanation of every type of cytolysis known to occur m the 
sea-nrchin egg. It niav not prove to be the correct explanation, 
but at any rate at present it is the only hypothesis that even 
attempts to explain the occurrence of pigment granule breakdown 
and vacuole formation in all cases in which it does occur. 

Perhaps this statement should be qualified. Lillie and 
Cattell ’25 mention the fact that following treatment with electric 
currents some cytolysis was observed in Arbacia eggs. If this 
is the case it is a phenomenon that merits further study, especially 
in view of the fact that the electric current is known to cause 
the formation of vacuoles in plant protoplasm, and in protozoa 
(see p. 235 and p. 236). Lillie and Cattell do not state whether 
the cytolysis they observed was accompanied or preceded by an 

in volume. It is possible that the passage of an electric 

current may cause the decomposition of those compounds of 
protoplasm 'which contain bound electrolytes. This certainly 
seems plausible, and it is not at all unlikely that calcium ions 
set free when an electric current is sent through a cell. 

It seems clear that pigment granule breakdown and vacuole 
formation in the sea-urchin egg, or cytolysis, depend on the 
occurence of a surface precipitation reaction in the interior of 
cell. We can then conceive of the reaction as occurmg m 
three stages: 

1. Calcium is set free in the cell interior. 

2. Calcium reacts with the pigment granule or some consti- 
tuent of it to produce a substance which we have called ovo- 

thromhin. , 

3. Ovotbrombin reacts with a substance in the protoplasm* 

presumably a protein, to cause vacuole formation. 

These three- stages of the reaction can be studied separately. 
The various ways in which calcium may be set free in the cell 
interior have already been indicated. Throughout the discussion, 
has been assumed that those agents which dissolve the lipoids 
of protoplasm set free calcium as a result of this action. As a 
matter of fact, there is another possible effect of a fat solvent. 
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Perhaps instead of releasing calcium and thus indirectly causing 
a breakdown of the pigment granules, it acts directly by dis- 
solving either the pigment itself or some other fat soluble con- 
stituent of the pigment granule which then reacts to form 
ovothrombin. It is possible that the disappearance of pigment 
granules in eggs exposed to fat solvents depends not so much 
on a breakdown of the granules as on a loss of pigment and 
a' change in refractive index so that the granules can not easily 
be recognized even though they may he present. 

Stage 2, in which calcium reacts with the pigment granule 
can very readily be studied separately and such study is now 
in progress. By taking the pigment granules outside of the egg 
and watching their behavior toward calcium in the presence of 
various other substances, much information may be obtained 
regarding the actual nature of the reaction which occurs between 
pigment granule and calcium. Some of the results that have 
already been obtained from this study have been given brief 
mention in the preceding chapter. In order to arrive at definite 
and certain conclusions regarding the nature of the reaction which 
occurs between calcium and pigment granule, further study is 
necessary. Fortunately the experiments are easy to perform, and 
it is probably only a question of time before the reaction will 
at least in some measure be understood. 

Stage 3, in which ovothrombin reacts to form vacuoles or 
precipitation films, has been studied scarcely at all. Further 
study of this stage is also planned. 

In this chapter it has been shown that there is a reaction 
common to many, and perhaps to all types of protoplasm. In 
this reaction films or vacuoles typically appear in the protoplasm. 
Frequently an escape of pigment or other dissolved substances 
can be noted. In all the types of protoplasm which have been 
studied, it seems evident that the reaction in question occurs 
under essentially the same conditions and following treatment 
with the same reagents. It is therefore plausible to assume that 
the mechanics of the reaction are fundamentally the same in all 
types of living substance. Our study has then brought us to the 
realization that there is a specific type of colloid chemical reaction 
which occurs in all sorts of living things and which is probably 
closely related to the life process itself. Study of the reaction in 
the egg of the sea-urchin Arbacia has indicated that in many 
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respects the reaction is similar to that involved in the coagulation 
of the blood in higher animals. This is to be deduced from the 
fact that the reaction is intimately related to the surface preci- 
pitation reaction discussed in the previous chapter, and it is 
thus essentially an internal surface precipitation reaction. No 
one who has read the chapter on the surface precipitation reaction 
can very well doubt that this reaction is similar to that which 
occurs when blood clots. We have thus but another illustration 
of the general sameness of living things. In spite of a manifold 
diversity, the underlying principles which govern the behavior 
of living organisms are everywhere much the same. 

In our interpretation of the mechanism of the reaction we 
have described, we have depended entirely on the facts presented 
by a study of the egg of the sea-urchin Arbacia. Only future 
study can tell in how far this interpretation will fit the phenomena 
as they come to be known in other cells. This much at least 
seems certain. The hemolysis of red blood cells is so essentially 
similar to the so-called cytolysis of sea-urchin eggs that it can 
hardly be supposed that the mechanism of the two types of 
reactions can be very different. In practically every instance, 
reagents which cause hemolysis also cause cytolysis, and vice 
versa. In view of this similarity, it is especially satisfactory to 
note that already in the case of hemolysis, one or two authois 
have pointed out resemblances between the process of hemolysis 
and blood clotting. Several substances which prevent blood 
c otting have been found also to afford protection against hemo- 
lysis, (see Pickering and de Souza ’23, Pickering and Taylor 
’25). 


CHAPTER XV 
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In previous chapters we have considered protoplasm more 
from a static than from a dynamic standpoint. Rut living sub- 
stance is continually undergoing changes, changes which in 
themselves constitute life. In the final two chapters of this book, 
an attempt will be made to subject certain aspects of protoplasmic 
activity to colloid chemical analysis. 

Unfortunately there is relatively little that can be said about 
this extremely important phase of the colloid chemistry of proto- 
plasm. Our knowledge is as yet fragmentary, nor can we be certain 
that all of the fragments rest on the sure basis of fact. Of all 
the visible, that is to say mechanical processes that go on in 
living cells, the process of cell division is certanly the most 
universal. Every living cell is produced by the division of a parent 
cell. It is thus a characteristic of protoplasm to be able to repro- 
duce itself by division. Because of the importance of cell division, 
and because too this process has been more carefully studied 
from a colloid chemical standpoint than some others, we shall 
begin our discussion of protoplasmic activity by taking up the 
known facts with regard to the division of cells. 

The usual process of cell division, or mitosis, is extremely 
complicated. As all books on biology and cytology explain, it 
involves such structures as centrosom.es, astral rays, mantle fibers, 
etc. Mitosis takes place in a series of stages which are described 
in detail in cytological texts. The description as given in these 
books is usually based on the appearances in fixed material. 
In living cells, unless conditions are unusually favorable, not 
nearly so much can be seen. With certain types of relatively 
large and transparent cells, most of the structures seen in fixed 
cells can also be seen in the' living. Cytological studies made 
around 1880 clearly showed the presence of chromosomes in living 
cells. Astral rays and centrospheres are also sometimes visible. 
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On the other hand, there is apparently no evidence of any fibers 
connecting the two centrospheres m living cells, m spite of the 
fact that such fibers appear very clearly m fixed material. 

From a theoretical standpoint, there are a number of interest- 
ing problems involved in the division of a cell. In the first place, 
there is the question of what initiates cell division. Many cells 
in higher animals never divide. Protozoan cells divide usually 
only after they have attained a certain volume but the mere 
size of the cell is not the only factor involved. Ihe problem of 
the initiation of cell division is especially mterestmg because of 
its close relation to the problem of cancer. This disease primarily 
involves an uncontrolled division of cells with a resultant increase 

in the mass of certain tissues. .... , , • 

In the second place, the student of mitosis is interested m 
chemical and physical changes which occur when a cell passes 
through the various stages of the process. An understanding of 
these changes would open the way to a physico-chemical inter- 
pretation of the mechanism of mitosis. At the present time, there 
is no lack of theories of cell division. Usually it is easier to ma re 
a new theory of cell division than to test an old one. Most of the 
present theories and hypotheses are based on pure specula ion. 
An author postulates a mechanism which might conceivably 
effect the division of a cell, or he seeks to find in inanimate nature 
appearances which simulate the structures described by cytologis s 
in dividing cells. There is no field of biological thought that has 
suffered more from the use of analogies than has the theoretma 
of cell division. Even the crudest superficial similarities 
between mitotic structures and inanimate phenomena have een 
regarded as having real significance. Concerning the various 
theories of cell division, we shall have but little to say, and we 
for the most part confine our attention to the actual tac "s 
regar ding the physical changes which take place during mitosis. 
The problem of the initiation of cell division has been attacked 
various standpoints, and with various types of material. 
Some authors have studied the effect of certain chemicals on the 
division rate of Protozoa. Thus for example, Spbk ’20 showed 
lithium ion had a specific effect in initiating or at least 
hastening cell division in paramecium. Some authors have also 
claimed that extract of the thyroid gland had an accelerating 
effect on cell division in paramecium, but this has subsequently 
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been denied. In working with an organism like paramecium it 
is hard to distinguish between an effect on the animal itself and 
an effect on its food. An interesting type of work is that of Haber- 
landt (see Haberlandt ’21, also p, 254). This author found that 
various types of plant cells were stimulated to divide when they were 
placed in contact with injured or dying tissue. The effective sub- 
stances given off by the injured or dying ce Is Haberlandt calls 
“wound hormones 5 '. In recent years much interest has been aroused 
by the experiments of Gurwitsch and his pupils, (see Gurwitsch 
5 26). Gurwitsch claimed that dividing cells give off radiations 
which induce divisions in other cells. The radiations were thought 
to pass through quartz but not glass, and Gurwitsch believed 
them to be composed of ultraviolet rays. Unfortunately Gur- 
witsch never demonstrated that dividing cells gave off ultraviolet 
rays. He says that such rays are strongly absorbed by gelatin 
and can not be photographed. But the books on spectroscopy 
give directions for preparing photographic emulsions relatively 
free from gelatin and sensitive enough to detect ultraviolet rays 
of even shorter wave length than those which pass through quartz. 
Since the above was written von Guttenberg *28 has published 
the results of observations made with such emulsions sensitive 
to ultraviolet rays. There is no evidence of any emission from 
root tips. Moreover, von Guttenberg has rather convincingly 
shown that Gurwitsch’ s striking results are most probably the 
result of uncritical experimentation. See also Schwarz 5 28. 

Because of the great interest in cell division, there have 
been various other types of work besides those mentioned. Many 
references to the literature may be found in the extensive review 
of Prat and Malkovsky ’27. For a review of the more morpho- 
logical literature, see also Wassermann 5 26. 

Much of the work on mitosis has been concerned with the 
investigation of factors which might possibly operate during the life 
of the cell and cause it to divide. But from the standpoint of the 
mechanism of mitosis, we are concerned not so much with these 
factors, but rather with all the factors normal or otherwise which 
can incite a cell to divide. That there are many and varied types 
of treatment which stimulate to cell division is clearly shown by 
the work on artificial parthenogenesis. This work has the ad- 
vantage that it is not concerned with an increase in the division 
rate of the cell but with an initiation of cell division. An egg 

•" 17 
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cell does not divide at all unless it is fertilized. And yet when 
certain types of eggs are treated with the proper reagents, they 
can readily be made to divide. The initiation of cell division m 
marine ova was first discovered by 0. and R. Hertwig 87. 
Following their experiments and the experiments of Morgak 99, 
the subject was studied in great detail by Loeb, Delage, R. b. 
Lillie, 'and many others. These workers were for the most part 
interested in the theory of fertilization, they hoped m so far as 
possible to obtain a normal development of the treated eggs. 
But in spite of the fact that the students of artificial partheno- 
genesis did not consider the theoretical study of cell division as 
their main aim, the results in this field can nevertheless he used 
in the attempt to explain the mechanism of mitosis. When an 
unfertilized egg is treated with reagents which incite it to develop, 
the first important step in the development is the division or 
segmentation of the egg. Any reagent which can initiate a fairly 
normal division is almost certain to start the eggs on a development 
which will proceed for a considerable time; for once the process 
of development is begun, the successive steps follow automati- 
cully . 

In the early work on artificial parthenogenesis, it was often 
felt that certain specific substances were necessary for the ini- 
tiation of cell division and subsequent development. Later 


experiments, however, disclosed an ever 


increa;Sing range of 
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treatments which were effective in causing segmentation m one 

type of egg or another. : 

When an egg is fertilized, there is usually some sort oi change 
in the egg cortex, and this cortical change is then followed by 
changes in the egg interior. So too in artificial fertilization, or 
rather artificial parthenogenesis, both cortical and interna 
changes occur. This was first emphasized by Loeb, (see Loeb ’13). 
His favorite method of inducing artificial parthenogenesis invol- 
ved two successive treatments. Often the reagents which produce 
an appropriate cortical change have little or no effect in initiating 
segmentation. According to Loeb, however, they constitute the 
real initiating factor; the second treatment is in the main correc- 
tive. This general idea has been severely criticized by Just ’22, 
who points out that treatment of sea-urchin eggs with hyper- 
tonic solutions alone is as effective as any combination of suc- 
cessive treatments. It should nevertheless he clearly understood 
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that in every type of egg studied, normal segmentation ean only 
be successfully induced if it is preceded by some type of cortical 
change* Probably this cortical change has, among other things, 
the effect of removing the constraint due to the presence of a rigid 
membrane (Heilbeunn T5a, J 20c). Most eggs before fertili- 
zation are surrounded by a stiff membrane, and we can hardly 
conceive of their’ being able to constrict as long as this membrane 
is present. The removal of this obstacle occurs most frequently 
either as a result of a swelling or softening of the membrane, or 
following a lifting off of the membrane. In the egg of the clam 
Cnmingia , the membrane becomes swollen. In sea-urchin eggs, 
the membrane is normally elevated, but with certain reagents 
and also under certain conditions of insemination, it too becomes 
swollen. 

The cortical change can therefore be thought of as removing 
a block to segmentation. Concerning the nature of the factor 
which really produces an initiation of segmentation, there have 
been many theories proposed. In Loeb ’s later work he held that 
initiation of development w r as due to a superficial cytolysis 
and an increase of oxidations. He thought of the superficial 
cytolysis as involving the swelling of a colloid at or near the 
surface of the egg. This colloidal swelling produced membrane 
elevation if the egg was left in the proper solution for just the 
right length of time. Longer treatment involved swelling of 
colloids throughout the entire egg, and the whole cell became 
cytolyzed. Loeb believed further that cytolysis in itself produced 
an increase in the rate of oxidation, and this he also regarded as 
an important factor. From the preceding chapter it is evident 
that cytolysis can not be thought of as simply involving a swelling 
of protoplasmic colloids. Instead of producing a liquefaction, as 
Loeb supposed, it really causes a gelation or coagulation of the 
egg contents. Nor does cytolysis of itself necessarily involve an 
increase in oxidations, in spite of the fact that this was claimed 
by Loeb and Wasteneys T3b. In their measurements of the oxi- 
dation rate of cytolyzing eggs, Loeb and Wastenbys determined 
oxygen by an iodine titration method, and their determinations 
were rather a measure of the amount of iodine adsorbed by the 
organic matter so abundantly given off by cytolyzing eggs, than a 
measure of the amount of oxygen consumed (see Heilbexjjstk 
3 15b). 
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In spite of these criticisms that can be launched against 
Loeb’s ideas it is not at all unlikely that there is a certain amount 
of truth in the idea that cytolysis plays a real r61e in the mitiaLon 
of segmentation. Loeb showed that very frequently too long an 
exposure to parthenogenetic agents produced cytolysis m the 
P eo-g. We shall see later that there is some reason for 

believing that the parthenogenetic agents produce an incipient 
° i n the egg, and this is not so very different from a super - 

fiCia Conceming the permeability theory of artificial partheno- 
genesis, we shall have little to say, as the discussion would lead 
foo far afield. The chief advocate of the theory has been R. b. 

His papers are cited in various books on experiments 
embryology (see for example F. R- Lillie T9). Perhaps mitia- 
of cell division does involve an increase in the permeability 
of the cell membrane, but certainly the evidence that bas been 
gathered is far from satisfactory. In recent years, fortunately, , 
there has been a growing tendency to regard the permeability 
data critically. Most of the older observations which seemed 
to show increased permeability in eggs stimulated to divide wou c. 
hardly stand the test of this modern criticism. 

Various authors have suggested that artificial part leno- 
or the initiation of segmentation might, be due to a coagu- 
lation of the protoplasm. Loeb seemed to favor the idea m I. _ - 
but he soon abandoned this view and became a violent ant agonist 
of it. Delace for many years maintained that artificial par 

was the result of a coagulation followed by a liquefactioi , 
and he rather unwisely considered membrane d^ation as one 
evidence of such a coagulation. However, m his book (Delall 
and Goldsmith T3), he became an adherent of the Lillie theory 
of increased permeability. Largely on theoretical grounds, t it 
coagulation theory was vigorously proposed by I ischer a t. 
Ostwald ’05. They argued that all parthenogenetic agents a 
of such a nature as to produce coagulation of the protoplasm. At 
the time of Fischer and Ostwald’s paper, there was no knowledge 
agents would or would not cause coagulation of the 
protoplasm, 0 so that their arguments were not very convincing. 
Later Ostwald ’07 retreated from his original position and ad- 
mitted that coagulation in artificial parthenogenesis nng i • u 
only secondarily produced as a result of increased oxidation. 
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The first experimental evidence either for or against the 
coagulation theory was that of Heilbrunn T5a. He studied 
the initiation of cell division in the egg of the sea-urchin Arbacia. 
Using the centrifuge method, he showed conclusively that all of 
the agents which incited the egg to divide, actually did cause a 
coagulation or gelation of the protoplasm. Following treatment 
with saponin, with chloroform, with toluol, with isotonic sodium 
chloride solution, or with 1 % egg albumin in sea-water, there 
was a very pronounced increase in the viscosity of the proto- 
plasm of the eggs. In general in the Arbacia egg, as Hetlbetjnn 
points out, successful artificial parthenogenesis is only possible 
if the egg is treated with hypertonic solutions. When eggs are 
treated with distilled water or with fat solvents, it is but a small 
percentage of the eggs that shows any sign of division, and this 
division is always abnormal. 

Apparently only in the case of the sea-urchin egg is treat- 
ment with hypertonic solutions an efficient method of inducing 
segmentation. Other types of eggs do not respond to this treat- 
ment. In the case of the annelid Nereis , Just To found that 
treatment with temperatures of 33 to 35° 0. caused a high percent- 
age of the eggs to divide, and the division was generally normal. 
When Nereis eggs are exposed to temperatures of 33 — 35°, the 
first change is an extrusion of jelly from the cortex. At the same 
time the large nucleus or germinal vesicle breaks down. This 
breakdown of the nucleus is accompanied or followed by a lique- 
faction of the protoplasm. If the eggs are exposed to the warmth 
just long enough to produce this breakdown of the nucleus and 
the subsequent liquefaction of the protoplasm, no segmentation 
occurs. But if the eggs are exposed a little longer to the warmth, 
then the protoplasm begins to show a coagulative change, which 
is very clearly demonstrable by the centrifuge method (Heil- 
brtjnn ’25 b). The coagulative change was found to occur after 
about 19 minutes exposure to a temperature of 33°, and after about 
13 minutes exposure to a temperature of 34.9°. If the eggs are 
to be stimulated to divide, they must be allowed to remain in the 
warmth until this coagulative change has occured. 

Similar results were obtained with the egg of the mollusc 
Gumingia . This egg may also be stimulated to divide by heat 
treatment. But again, only exposures long enough to produce 
coagulative changes in the protoplasm are effective. Finally 
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in. the egg of the sea-urchin Arbacia, in which exposure to heat 
produces only a small percentage of divisions, the heat must 
cause a coagulation of the protoplasm if it is to have any effect 

It is evident that the experimental evidence, as far as it 
o'oes. is all in favor of the view that stimulation to cell division 
L the case of the eggs of marine invertebrates is always accom- 
panied or rather preceded by coagulative changes within the 

protoplasm. n ........ 

Apparently in plant cells, too, stimulation to division is 

dependent on a coagulative change in the protoplasm. In various 
types of plant tissues, injury or wounding causes many cells 
to divide which would otherwise have remained in the resting 
state. It is a well known fact that when plant tissue is cut or 
otherwise injured, there is a stimulus to growth or proliferation, 
which may manifest itself in the formation of a callus, or may 
result merely in the regeneration of missing elements, lhis 
knowledge is very old, and must go back to the ancients. Unfor- 
tunately, the standard hooks on plant physiology, usually so full 
of pertinent information, tell very little about this process. The 
books on regeneration are more concerned with the problem of 
form than with the stimulus to growth. A useful paper which may 
be consulted is that of Massabt ’98. This has references to some 
of the older literature.' In recent years the subject has been stu- 
died experimentally by Habbblandt ’13, ’21. This author has 
brought forward evidence to show that the stimulus to division 
is produced by the formation of special chemical substances, 
which he calls' hormones. For the present, this point need not 
concern us. What Habereatcdt has clearly shown is that when 
various types of plant tissue are cut, a stimulus to division passes 
to the cells even several layers distant from the actual cut. Non 
it seems certain that in these cells the protoplasm becomes coa- 
gulated or rather undergoes a great increase in viscosity , ibis 
has been shown by various authors (see p. 128), hut especially by 
Buehning’26 a, b. It. will be remembered that this author 
in three types of plant material found viscosity increases of about 
400 to 600 percent in the protoplasm of cells near a cut surface. 
The viscosity increase was reversible. It is interesting to note 
that the magnitude of the viscosity increase is very similar to 
the magnitude of the viscosity increase which precedes mitosis 
in some types of marine egg material (see below). Bubnning’s 
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work clearly demonstrates that the initiation of cell division which 
occurs in plant material in the neighborhood of a cut or wound 
is accompanied or preceded by a gelation of the protoplasm. 
Perhaps in animal tissue too the stimulus to division which 
follows a cut or a wound, and which results in healing or regenera- 
tion or sometimes in abnormal growth, may depend on the pro- 
duction of a coagulative change or a gelation in the protoplasm 
of the cells which divide. But in animal tissue there is no direct 
evidence in support of this point, and in most animals the problem 
is complicated by the migration of cells to the neighborhood of 
the cut. 

Cutting or wounding is not the only stimulus which incites 
plant cells to division. Haberlakdt J 19a, b and ’20, describes 
cell division following treatment with hypertonic solutions in the 
hair cells of Coleus Eehneltianus, in the cells of the scales of the 
onion, and in cells of Elodea. These cells therefore behave like 
sea-urchin eggs. There is not much question but that in the 
plant cells too the hypertonic solutions cause a marked increase 
in protoplasmic viscosity. 

Both in various types of plant tissue and in the eggs of 
marine invertebrates, those agents which stimulate cells to di- 
vide regularly cause a coagulative change or a gelation in the 
protoplasm. Concerning the possible nature of this change, we 
shall have more to say later. That it is directly related to the 
division of the cell is indicated by the experiments of Heil- 
brunn ’20 a. In these experiments it was shown that if the 
protoplasm of sea-urchin eggs was kept fluid, no mitosis ever 
occurred. There is an abundance of evidence (see chap. 11), that 
fat solvents generally, if they are present in low concentration, 
have a liquefying action on protoplasm. Following fertilization, 
Arbacia eggs normally complete their first division after about 
50 minutes, and the division is preceded by a coagulation or 
gelation of the protoplasm. If, however, Arbacia eggs after ferti- 
lization are placed in solutions containing fat solvents in the 
proper concentration, the gelation which precedes cell division 
is prevented, and under these conditions the egg always fails to 
divide, although it is not permanently injured. 

We are thus led to conclude first that stimulation to cell 
division, no matter how produced, always involves a gelation, 
that is to say a large increase in protoplasmic viscosity; and 
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second that prevention of this gelation prevents the division of 
the cell. This is strong evidence that the gelation is intimately 

related to the division process. 

To know that a gelation, or a sharp increase in protoplasmic 
viscosity, precedes cell division is important, but it is still more 
important to inquire into the nature of the gelation and to discover 
if possible the mechanism which underlies it. Before going into 
this more theoretical phase of the subject, we shall consider the 
evidence concerning the viscosity changes during the whole 
course of the mitotic division. Here we are on more certain 

ground. ... . 

Reinke '95 upon subjecting unfertilized and fertilized sea- 

urchin eggs to pressure, noted that the protoplasm flowed, less 
readily from the fertilized eggs. Similar observations were made 
by Albrecht ’98. The differences noted by these authors were 
in part due to changes in viscosity, but they were also quite as 
much due to differences in the boundary conditions of the emerging 
protoplasm, especially in view of the fact that the fertilized sea- 
urchin egg is surrounded by very different membranes from the 
unfertilized egg. 

Kite 13 and Kite and Chambers 12 dissected various 
types of dividing cells with microdissection needles. Apparently 
they noticed no changes in the viscosity of the protoplasm, although 
they must have been on the lookout for such changes, foi Kim 
makes some vague general statements as to viscosity changes 
which might theoretically be supposed to occur. Heilbkunn 15 
centrifuged fertilized and unfertilized Arbacia eggs simultane- 
ously and found that the granules moved much more readily through 
the egg before fertilization than after. He concluded that the 
sperm caused a gelation of the protoplasm of the egg. and that 
this gelation was directly related to the formation of the mitotic- 
spindle. Heilbrunn’s experiments were not very numerous, and 
moreover he did not guard against a disturbing factor which 
tends to obscure the results in the fertilized sea-urchin egg. In 
Arbacia , as soon as the egg is fertilized the pigment granules 
migrate closer and closer to the egg periphery^ They assume a 
position near the outer border of the cell. This is a fact long 
known, but not very often mentioned in the literature. The 
migration of the pigment granules is illustrated in a figure of 
Wilson ' 2 ( 1 . 
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Much more accurate data regarding the viscosity increase 
in the protoplasm of the sea-urchin egg following fertilization and 
during the various stages of mitosis, were obtained by Heil- 
brunn 5 17, ’20 a. He centrifuged the eggs at short intervals 
during the whole period between fertilization and cleavage, and 
his results show clearly the viscosity changes which occur in the 
main mass of the protoplasm. As has just been mentioned, follow- 
ing fertilization most of the pigment granules migrate to the 
cortex, and there they are not affected by centrifugal force, but 
remain firmly lodged when the egg is centrifuged. This failure of 
the pigment granules to move may be due either to their position 
close to the outer membrane of the cell, or to the fact that there 
is some sort of a gelation or a coagulation which occurs in the 
cortex of the egg following fertilization. Hyman ’23, on the 
basis of cutting experiments w r ith fine steel needles, is of the 
opinion that there is such a change, but as has been pointed 
out previously (see p. 41), no definite conclusions can be drawn 
from this sort of evidence. In the main mass of the protoplasm, 
there is a very pronounced viscosity increase soon after fertili- 
zation. This reaches a height just before the appearance of the 
mitotic spindle. As soon as the spindle has been formed, the 
viscosity decreases again, finally rising just before division (Heil- 
BRUNN ’21). . 

In 1917, Chambers again took up the microdissection of 
dividing cells, and in his preliminary note (’17a), he describes 
changes in viscosity during mitosis. According to this account, 
the astral rays are fluid, and the regions between them solid. 
Chambers states “A periodic reversal of the sol to the gel state 
and vice versa has been demonstrated in the cell protoplasm 
during division. The steps taken may be divided into the follow- 
ing series: a. When the monaster is fully formed the greater 
part of the cell is a gel, b. As the centrospherie fluid collects on 
the two poles of the nucleus the cytoplasm reverses to a sol state 
and the monastral radiations fade out. c. The formation of 
radiations about the centrospheres, one on each side of the nu- 
cleus, produces the diaster, and is accompanied by a return to the 
gel state, d. A return to the sol state later takes place in the 
equator of the cell. e. The nuclear spindle now divides followed 
by a constriction around the middle of the cell which continues 
until the cell is cut into two. f. The reversal of the gel to the sol 
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state usually starts in the equator of the cell and spreads to the 
poles ” Apparently in this account, Chambers believes that the 
protoplasm is first a sol, then a gel, then a sol again, then a ge , 
and then a sol again. As to the times when these changes occur, 

he supplies no precise data. . , 

Chambers ’17b gives very little additional information 
concerning viscosity changes in the mass of the protoplasm 
Following the entrance of the sperm, an aster is formed, ltiat 
the cytoplasm around this “has been rendered fairly solid is 
shown by the fact that the aster at this stage may be pushed and 
rolled in .the surrounding liquid cytoplasm”. _ Certain other 
viscosity changes are inferred, but no definite times are given. 

“ After a space of time (about ten minutes) a change takes place in 
the cytoplasm about the equator of the nuclear body which appears 
to be a reversal to the sol state. I was not able to convince 
myself on this point by the use of the needle.” Apparently this 
is the change referred to under d in the quotation from the 191 , a 
paper. But now Chambers is not certain of a change in viscosity. 

Chambers ’19 reports further observations on the changes 
in viscosity during mitosis. A practically complete statement 
of these observations is given in the following quotations: 

Immediately after fertilization the cytoplasmic granules 
Deadly flow by the moving needle. (This is taken to indicate low 

viscosity). When the sperm aster is at its full development, 

the highly viscous state of the protoplasm is detected by tic 

nee d.l e This condition is at its height 10 to 15 minutes 

after fertilization. Fifteen to 20 minutes after fertilization, the 
radiations of the aster begin to fade from view, with a reversa 
in the cytoplasm of the semi-fluid to a more fluid state. 

Toward the end of this stage, which lasts for 20 to 30 minutes. 
Shortly before cleavage, about 40 to 50 minutes after fertilization, 

an increase in firmness sets in The time of appearance 

of the amphiaster until completion of cleavage lasts from 10 to 
15 minutes. The increased viscosity of the egg during this amphi- 
aster stage. After the completion of the cleavage 

process, there are indications that the firmness of the cytoplasm 
persists”. In 1919, Chambers believed in a succession of sol, 
gel, sol, gel states. But in 1921 (Chambers ’21) he has again 
returned to his 1917 opinion that just before division there is a 
liquefaction of the protoplasm. 
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In order to understand Chambers’ views, an attempt was made 
to record his 1919 observations in rough graphic form. No exact 
reproduction is of course possible, for the time intervals given 
by Chambers would be different for every temperature, and 
Chambers makes no mention either of temperature or of the 
total time between fertilization and cleavage in any given experi- 
ment. In Fig. 14, the dotted line represents Chambers’ 1919 
results, the C’s indicating the points at which observations 
were recorded. On the same graph are plotted the results of 



Fig. 14. Viscosity changes during mitosis in the sea-urchin egg. 

The unbroken line is plotted from the centrifuge data (Heilbrunn), the 
dotted line is a rough estimate based on the microdisseetiohexperiments 

of Chambers 

Heilrrtinn’s centrifuge tests, mostly from the 1920 a data. These 
centrifuge data refer to th eArbacia egg. In Chambers’ experiments, 
it is not always clear which type of egg he is referring to. The 
abscissae of the graph are in minutes, and in every ease, for the 
centrifuge data, the time has been corrected to fit in with a stan- 
dard time between fertilization and cleavage of fifty minutes*. 
For example, if the actual time between fertilization and cleavage 
was found to be sixty minutes instead of fifty, each time interval 

* The time of cleavage was taken as the time when fifty percent of 
the eggs showed cleavage furrows. 
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was multiplied by five-sixths. The ordinates represent viscosity 
values. The height of the curve is more or less speculative, but 
is based to some extent on unpublished experiments. In the 
figure the V’s indicate viscosity values less than the value for the 
ordinate at that point, the inverted V’s indicate viscosity values 
oreater than the value for the ordinate at that point. The length 
of the V’s is also significant, a large V indicating a much lower 
viscosity value. 

It is to be noted that both Chambers and Heilbruot tind 
the same cycle of viscosity changes. But the two curves are far 
from identical. The very stage in which Heilbrcnn records the 
lowest viscosity is for Chambers a stage of highest viscosity. 
Chambers thinks that at the time of the amphiaster, the vis- 
cosity of the protoplasm is at its peak. Centrifuge tests indicate 
that when the spindle is fully formed, the viscosity is low'. The 
point is an important one, for on the basis of his belief Chambers 
has expressed a general theoretical interpretation of the mechanics 
of mitosis. The microdissection estimates of Seifriz (’20) agree 
with the centrifuge tests in regarding the amphiaster stage as one 
of low viscosity. 

It might be worth mentioning that if centrifuge tests are 
made at relatively high temperatures, for example at 27° or 
28°, results more like those of Chambers can be obtained. Under 
these abnormal conditions, the liquefaction which normally 
follows the appearance of the spindle becomes less and less 
pronounced (at higher and higher temperatures), and eventually, 
at temperatures just below' the death temperature, no such 
liquefaction occurs in the injured cells. Perhaps the effect of 
higher temperatures may be a factor in explaining Chambers 
results, for in his earlier experiments be was apparently rather 
careless about guarding against heating effects (see p. 207). But it 
is doubtful whether it is worth our while to attempt to explain the 
divergent findings of a method of viscosity determination which up 
to the present has never given dependable results. As the reader 
of this book must realize, in every instance in which the micro- 
dissection method has been used as a means of testing viscosity, 
it has failed to yield results consistent with those obtained by 
various other methods, all of them superior to it in accuracy', 
(see chap. 4 for a discussion of the principles of viscosity measure- 
ment). ;• y 
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So far we have considered only the egg of the sea-urchin. 
In the Cumingia egg, the viscosity changes during cell division 
have been studied in much more quantitative fashion. This egg 
is in the metaphase of the first polar body division when, it is 
shed into the sea-water. At this time the egg protoplasm is highly 
fluid, and only a few turns of the handle of a hand centrifuge are 
sufficient to cause a complete stratification of the granules of the 
protoplasm. (For a figure of the centrifuged Cumingia egg, 
see p. 45). The protoplasmic viscosity of the Cumingia egg 



Fig. 15. Viscosity changes in the protoplasm of Cumingia eggs 
during the interval between fertilization and the first cleavage 
(Heilbrunn ’21) 

increases just before the completion of the first maturation 
division, drops again as the second polar spindle develops, rises 
as the second polar body is given off, to decrease again with the 
appearance of the amphiaster of the cleavage spindle. The com- 
plete curve of the viscosity changes .in the Cumingia egg is given 
in Fig. 15, which is taken from Hbilbritnk ’21. In this graph, 
the X axis represents time in minutes after fertilization, the 
total time between fertilization and the moment when fifty 
percent of the eggs segmented being taken as fifty minutes. This 
was regarded as a standard time interval, and observations made 
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on eggs which required a longer or shorter time for the period 
between fertilization and cleavage were plotted by making a 
correction for the time. The ordinates in Mg. 15 are arbitrary 
viscosity units and represent seconds of centrifugal turning 
necessary to cause easily visible migration of the granules of 
the egg.' As a matter of fact, these arbitrary viscosity units 
happen to he in rather close agreement with absolute viscosity 
values in terms of. water. Each of the symbols of the figure re- 
presents a centrifuge test. The V’s and -inverted \ s have the 
same significance as in Fig. 14. Inspection of the curve shows 
that the viscosity undergoes an increase of at least five or six 
hundred percent and then decreases again to approximately its 
original value. 

The viscosity changes in the Cumingia egg are more pro- 
nounced than those of the Arbacia egg. In the egg of the annelid 
Nereis , there is even less change in the viscosity of the protoplasm 
during mitosis. When the Nereis egg is shed into the sea- v atei , 
it has a large germinal vesicle. The viscosity of the protoplasm 
at this stage is very high. At any rate the granules do not move 
through the protoplasm when the egg is centrifuged. Soon after 
fertilization the nucleus or germinal vesicle breaks down, and 
there is a marked decrease in the viscosity of the protoplasm. 
This is followed hv three successive cycles of viscosity change. 
At a temperature of about 24°. the viscosity rose to maxima at 
20, 35, and 47 minutes after insemination, and these times pro- 
bably correspond to the times when the two polar body spindles 
and the cleavage spindle were forming . In th is connection it sh ould 
be noted that the telophase of one division is really the prophase 
of the next, so that when the viscosity rises during the telophase 
of one division it remains high during the prophase of the next- 
division. At 65 minutes after fertilization, there is another period 
of high protoplasmic viscosity, and this is followed in a few mi- 
nutes by the segmentation of the egg. (Fifty percent of the eggs 
show cleavage furrows at 69 minutes after insemination). 

The changes in the viscosity of the Nereis egg are not very- 
great and are not easy to follow. It is interesting therefore to 
note that Forbes and Thacker ’25, in the course of other ob- 
servations, reported an increase in the protoplasmic viscosity 
of the Nereis egg 20 minutes after insemination. Thus, even in 
the Nereis egg in which the viscosity change is relatively slight, 
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it has been possible to confirm Heilbrunn’s observations. It 
is much easier to confirm them for the sea-urchin or * Cumingia 
egg. Many observers at Woods Hole have noted the cycle of 
viscosity change in the egg of Arbacia . Rtinnstrom ’24 has also 
reported confirmation for a European species of sea-urchin. 
If is an advantage of the centrifuge method that its findings are 
sufficiently objective so that they can be repeated. 

From Ruppert’s brief statements (Ruppert j 24), it seems 
safe to conclude that in the Ascaris egg there is also a decrease 
in viscosity following the appearance of the mitotic spindle. 
Ruppert used the centrifuge method, but his main interest was 
in the effect of ultraviolet rays rather than in the viscosity changes 
which occur during cell division. 

In Arbacia , Cumingia, and Nereis eggs, there is a high vis- 
cosity of the protoplasm in the prophase before the completion 
of the spindle, then as soon as the spindle is fully formed, the 
main mass of the protoplasm becomes more fluid again. Division 
of the cell is preceded by a sharp increase in viscosity . This 
viscosity increase occurs in the moment or two before the appea- 
rance of the furrow, just at the stage when the cell elongates 
preparatory to division. In Eig. 15, this elongation is referred 
to as “mitotic elongation”, it is what German authors call “karyo- 
kinetische S freckling”. 

If the main mass of the protoplasm is fluid during meta- 
phase and anaphase, it must not be thought that the spindle 
itself or the astral rays are fluid structures. The fact that the 
spindle itself is moved as a whole by centrifugal force is evidence 
enough that it has form, that it is therefore a solid or semi-solid 
body. Practically all the authors who have used the centrifuge 
in embryological experiments have described such movements 
of the spindle. The experiments of Conklin 17 are perhaps 
particularly impressive in this connection. Moreover Heil- 
brunn ? 20 a has brought forward evidence to show that the 
astral raj r s are firm elastic structures. When Arbacia eggs 
are centrifuged soon after fertilization, the contour of the egg 
remains smooth or even, and the eggs ,are generally quite 
spherical, at least after they have been removed from the centri- 
fuge tubes. But as soon as the mitotic gelation begins, the eggs 
assume irregular shapes when centrifuged. They do this not 
only when the main mass of the protoplasm is of high viscosity, 
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but also in the anaphase when the protoplasm as a whole is fluid. 

Heilbrttnn concluded that there are “gelatinous strands, 

which retain their connection to the egg surface and pull upon 
it when the egg is centrifuged”. Heilbrunn also cites additional 
evidence to show that the astral radiations exert a pull on the 
surface of the cell and are thus gelatinous strands. Soon after 
fertilization, the surface contour of the (untreated) cell is per- 
fectly smooth, but with the first appearance of the ampMaster 
it becomes crenate, as though tension were being exerted on it 
from a number of points on the inside. These crenations appear 
more plainly if the. egg is viewed from one pole of the mitotic 
spindle. They can be seen under the low' powers of the micro- 
scope, and in view of the fact that the Arbacia egg has been so 
often studied, it is rather surprising that other authors have not 
commented on their occurrence. If the astral rays pull on the 
surface membrane of the cell, this is of course an important 
factor to be considered in any theoretical interpretation of the 
mechanics of mitosis. The pull of the astral rays would create 
local differences in the tension of the cell membrane, and these 
would of course vary with the development of the asters and tlieii 
connection or lack of connection with each other. 

So far we have considered only the viscosity changes in the 
dividing eggs of marine invertebrates. Many students of experi- 
mental embryology have centrifuged the eggs of the frog, but 
their interest was almost wholly in problems concerning the or- 
ganization of the egg. From this older literature, Odquist has 
attempted to obtain information concerning the viscosity of the 
egg protoplasm at various stages of mitosis. He cites three papers, 
Gurwitsch ’04, ’08, and Konopacka ’OS. From Gurwitsch 08 
he rescues the following statement : “Der Zelldurehschnurung, wie 
auch der Furehenbildung geht eine betrachtliehe \ erdichtung des 
entsprechenden Plasmastreifens voran”, (see footnote on p. 517 
of Gurwitsch ’08). Apparently this is the only statement in 
Gurwitsch’s papers that can be taken as indicating viscosity- 
change, and as' far as can be judged from reading the context 
five or six times, it is- not based on any certain physical evidence, 
but rather on some ideas that Gurwitsch has about a meniscus 
between two types of materials in the centrifuged egg. Koxo- 
packa’s results yield more information, and Odquist ’s summary 
of them is helpful. Apparently the egg protoplasm is less vis- 
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cous fifteen minutes after fertilization than before fertilization, 
and apparently it is still less viscous one and a half to two hours 
after fertilization. Just after the first segmentation, the viscosity 
is like that of the eggs fifteen minutes after fertilization. Inter- 
pretation of viscosity change in the frog egg is complicated by 
the fact that the egg takes up water after it leaves the oviduct. 
Odquist criticizes Konopacka’s results on the ground that she 
did not use eggs from the same batch in comparison experiments. 
Odquist himself centrifuged eggs 1, 2, and 3 hours after fertili- 
zation, just before the first cleavage, just before the second 
cleavage, etc. His results indicate viscosity differences during 
the mitotic cycle, and he believes that in general they fit in with 
Heilbrurn’s results for marine eggs. In view of the fact that the 
viscosity of protoplasm may rise and fall, all within the space of 
a few minutes, it seems certain that viscosity tests made at inter- 
vals of an hour are not sufficiently frequent. Odquist centri- 
fuged the eggs at more frequent intervals during the second 
cleavage. Here his results are more interesting, especially in view 
of the fact that in this period there are no maturation divisions. 
He found relatively high protoplasmic viscosity 20 minutes 
after the first cleavage, and decidedly lower viscosity 20 minutes 
later (the time between the first and second cleavages was fifty 
minutes). These results fit in very well with the results shown 
in Figs. 14 and 15. However immediately after each cleavage, 
the viscosity in the frog’s egg appears to be relatively low. This 
evidently constitutes a difference between the two types of ma- 
terial. It seems probable that in many cells the successive 
mitoses are not as closely linked as they are in the eggs of marine 
invertebrates. In sea-urchin eggs the end of one division is the 
beginning of the next, and for this reason perhaps there is a 
viscosity increase at the conclusion of each division. Such a final 
viscosity increase may be lacking in other cells, and there is good 
evidence that it is lacking in the case of the frog’s egg. 

Zimmermank ’23 studied the viscosity of the protoplasm 
in dividing cells of the alga Sphacelaria fusca.„ Normally the 
protoplasm in the cells of this alga is in the form of lamellae 
between vacuoles. In order to study the viscosity of the proto- 
plasm during mitosis, Zimmermanx seems to have first plasmoly- 
zed the cell, or at any rate to have changed the protoplasm in 
such a way that it was no longer a foam. Concerning his results, 

Protoplasma-Monograpliien I: Heilbrunn 18 
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lie says: “Wir konnen also in der Prophase eine Zunahme der 
Plasma- Viskositat beobachten, in der Metaphase. eine rasche 
Abnahme und nachher wieder eine aHmahliche Steigerung. Die 
Versuehe stinnnen ii herein mit Zentiif ugier ungs versuehen , die 
amerikanisehe Forscher, u. a. HexlBRIJNN (1920), an tierischen 
Zellen unternommen haben und ferner mit meinen Beobachtungen 
iiber die Brownsehe Bewegung.” 

Zimmermann ’ s data do not appear to be very completely 
given. In one place he refers to Table 5, which apparently was 
not included in the published paper. But as far as his results 
go, they are in direct confirmation of the results of Heilbrunn 
on marine eggs. Chambers, in his chapter in Cowdry s General 
Cytology (Chambers ’24) is in error when he states emphatically 
that Zimmermann’s. results are in contradiction with those of 
Heilbrtjnn. This error was pointed out to Chambers and it 
does not appear in a later imprint of the hook. 

It is evident that in various types of cells marked changes in 
the viscosity of the protoplasm occur during the process of cell 
division and these viscosity changes are doubtless associated 
with changes in the colloidal state of the colloids of the protoplasm. 
There is also other evidence in support of this view. As long ago 
as 1882, Flemming in Ms book on the cell, (Flemming J 82, see 
for example p. 206), pointed out that during the process of mitosis 
there are changes in the refractive index of the cytoplasm. He 
states that during the prophase the refractive index increases. 
Flemming regarded these differences in refractive index as due 
to changes in the consistency of the protoplasm, and to these 
changes in consistency he attributes the differences in the staining 
properties of dividing cells observed both by himself and by 
van Beneden in 1875. When fixed with osmie acid, dividing 
cells are much darker than resting cells, (see especially Flemming 
J 91b). In living epithelium cells of the salamander, Flemming 
describes a clear zone in the center of dividing cells, a zone which 
probably corresponds to the clear area between the astrospheres 
in dividing seamrehin eggs. This clear zone Flemming regards 
as more fluid, for he can see Brownian movement in it. But 
this is hardly a valid criterion, for Brownian movement would 
always he more vigorous in the presence of fewer granules. 

In a study of dividing connective tissue cells, Flemming "91a 
(see p. 261) notes that cells which had become dark in the early 
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stages of mitosis, became light again in the late anaphase. Finally 
in a general paper (’91b), Flemming again takes tip the question 
of the optical changes of cells during division, urging that these 
changes are a constant characteristic of dividing cells, and that 
they must have physiological significance. He notes with regret 
that practically no mention of these optical changes is made in 
the many papers on cell division that appeared between 1882 and 
1891. 

Levi ’17 also describes changes in the refractive index of 
dividing cells, but his observations are not as complete as those 
of Flemming, and he is apparently unaware of the older literature. 

Flemming and Levi estimated the refractive index of the 
cells they studied. The first attempt at a quantitative measure- 
ment is that of Vles ’21a, b. Vles had the ingenious idea of using 
the sea-urchin egg as a miniature lens, and then from a measure 
of the focal distance of this lens to calculate the refractive index 
of the protoplasm. In making his calculations, Vles is obliged to 
neglect the presence of the fertilization membrane of the egg. He 
says that the presence of this membrane can have only a negli- 
gible effect, for it must have a refractive index extremely close 
to that of sea-water. Actually there are two membranes around 
the fertilized egg of the sea-urchin, the fertilization membrane 
and the hyaline layer. Neither of these membranes has a refractive 
index very close to that of sea- water, for both are clearly and 
easily visible, and this would not be the case if their refractive 
indices were very close to that of sea- water. Hence Vles’ method 
of calculating the refractive index is not exact. In Vles 5 obser- 
vations, he finds a decided change in refractive index only at the 
time when the egg changes in shape just before division. There 
may be a real change in refractive index at this time, but it is 
equally possible that the difference which Vles noted may have 
been due all or in part to the inaccuracy of his method of calcul- 
ation, based as it is on the assumption that the egg is not surroun- 
ded by membranes which differ appreciably in optical qualities 
from the sea- water. If Vles’ method of calculation is inexact, 
this inexactitude would only become apparent when the egg 
changed shape. It is possible to remove the fertilization membrane 
from fertilized sea-urchin eggs by shaking them vigorously one 
half minute after they are inseminated. In this way it would 
be possible to get rid of one of the disturbing membranes, and one 
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could make somewhat more accurate determinations of refractive 
index by Vles’ method. But even if the fertilization membrane 
were shaken off, the hyaline membrane would still remain. . 

Vies ’24 also studied the surface forces of the egg during 
cell division. By surface forces, he understands all those forces 
which resist deformation, (see chap. 6, p. 99). If the astral 
rays are strands which pull on the periphery of the egg, see p. -7-, 
it is obvious that when the ampkiaster is fully formed, the surface 
forces of the egg, that is to say the forces which tend to prevent 
the egg from flattening, would be relatively great, hrom .ns 
observations Vles actually concludes that this is the ease. _n- 
fortunately the data he submits are not very satisfactory, ihe 
presence of a fertilization membrane would interfere with vles 
method of measurement, (for a discussion of this method, see 
p. 99). In order to prevent the appearance of a fertilization 
membrane, Vles removes the jelly from the eggs. He is apparently 
under the impression that membrane elevation m the sea-urchin 
egg depends on the presence of the jelly. This is certainly not true, 
as has frequently been shown in recent years. To remove the jelly, 
Vles treats the eggs with 3 % KC3ST. It would have been simp er 
to shake them or to centrifuge them, and far less injurious. \ les 
conclusions are based on the study of five eggs. One hour and 
twenty minutes after insemination is the time at which the surface 
forces are greatest and the tendency to resist flattening the greatest. 
Vles’ actual data for this time show that two of the five eggs 
did resist distortion more than the average, a third was about 
average, and a fourth resisted distortion less than the average. 
The fifth egg Vles did not measure exactly at one hour and twenty 
minutes after insemination, but in view of the fact that this egg 
reached the diaster stage some time before the others, it is more 
appropriate to use the measurement made at one hour and ten 
minutes after insemination. This fifth egg resembled the fourth 
egg in showing less tendency to resist distortion than the average. 
It “is thus difficult to obtain any certain information from Vles’ 
data. Moreover it is not easy to understand how he could hav e 
derived any information regarding surface forces of the egg 
from a study of its eccentricity or flattening during the time the 
egg was elongating just prior to division. It is not surprising that 
at this time Vles found the egg more eccentric. It might of course 
have been possible to draw some conclusions if in the eggs mea- 
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sured, the axis of the spindle had in every case been exactly in 
the axis of the horizontal microscope, for if one looks at an ellip- 
soid from, one end, it appears spherical. But of the five eggs 
studied by Vles, only one had the axis of its spindle exactly in 
the axis of the microscope, and even in this case it is hard to see 
how one could be certain that the two axes were identical. 

If Vles’ experiments are ever repeated, and it is to be hoped 
that they will be, they should be performed on a hundred eggs 
instead of five, there should be no treatment with 3 % KCN, and 
the fertilization membranes should be removed by vigorous 
shaking thirty seconds after insemination. 

In some cells, the protoplasm shows ameboid movements 
just before the cell divides or during division. This was noted by 
Permeschko in 1879. More recently it has aroused the interest 
of the students of tissue culture, (Btjkbows 5 13, Levi ’17, Strange- 
ways ’23, Bucciante ’27). Strangeways finds that in the pro- 
phase the protoplasm is quiet, but that in the anaphase it shows 
very vigorous movement. This is probably an indication of greater 
fluidity, although the mechanical disturbances caused by actual 
division may be responsible for the movement. Probably in cells 
which do not undergo rapid successive divisions, the viscosity 
of the protoplasm is low at the conclusion of cell division, (com- 
pare p. 273). 

Many authors have described the rhythmic variations in the 
susceptibility of dividing cells to various toxic substances. Such 
rhythmic changes in susceptibility were first noted by Lyon 
'02, ’04, and they have been studied by many subsequent workers. 
Most of these workers interpret them as due to a periodic change 
in the permeability of the cell during mitosis, but this explanation 
is scarcely tenable, for there are rhythms of susceptibility not 
only to the action of chemicals, . but also to the action of heat, 
cold, and light, (for rhythmic susceptibility to light during mitosis, 
see Rtjppert ’24). Apparently the rhythmic susceptibility of 
dividing cells is to be correlated with the rhythms of colloidal 
change which are known to occur during mitosis. 

In the discussion so far it has been shown first that all the 
agents which stimulate cells to divide cause a pronounced vis- 
cosity increase, that is to say a gelation or coagulation of the 
protoplasm, and in the second place it has been shown that cer- 
tain characteristic changes in viscosity occur during the division 
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In a series of interesting papers, Runnstrom (24a, b, c) lias 
attempted to interpret the mitotic gelation which occurs after 
fertilization in the sea-urchin egg. He believes he can demon- 
strate by darkfield study that the lipoids of the egg undergo 
an increase in degree of dispersion. Following this increase in 
degree of dispersion, Rttotstrom believes that the lipoids unite 
with the proteins. The following quotation is from the ’24c 
paper : 

“Unsre Arbeitshypothese liber das Wesen der Plasmaver- 
anderungen bei der Befruchtung kann nun etwas weiter ausge- 
arbeitet werden. Die Lipoide befinden sich bei den unbefruchteten 
Eiern in einem verdichteten Zustande, was die Wasserbewegung 
bei diesen hemmt. Nach der Befruchtung wird die Dispersitat 
der Lipoide erhoht. Diese verbinden sich dabei zum Teil mit 
den EiweiOstoffen zu einem kolloidalen Komplexe, das andere 
Eigenschaften wie die einzelnen Bestandteile erhalt.” 

As a working hypothesis, this is perhaps as good as any. The 
truth of the matter is that we are still very much in the dark. 
There are however a number of definite facts that are known 
regarding the mitotic gelation. These may be summarized as 
follows : 

1. Comparing the eggs of Cumingia , Arbacia, and Nereis, the 
gelation is more pronounced the smaller the size of the egg. 

2. The gelation is prevented and also reversed by ether and 
other fat solvents. 

3. Cold has a similar effect. 

In addition it may be worth while to refer to some preli- 
minary experiments, which it is hoped to extend and amplify 
some time later. Before fertilization the protoplasm of the sea- 
urchin egg behaves as a true fluid, that is to say the viscosity 
as determined by the centrifuge method is independent of the 
amount of centrifugal force (see p. 96). It might be thought that 
following fertilization it would no longer show this behavior, 
for we might very well expect that with an increase in viscosity 
it would show evidence of elasticity. However, in a few tests 
no difference in viscosity of protoplasm of fertilized eggs could 
be noted when tests were made at different centrifugal speeds. 
These tests are not very easy to make, for one must compare 
the protoplasm of two different sets of eggs at the same number 
of minutes after fertilization. In the Cumingia egg the tests 
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that have been made also indicate no difference in viscosity 
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ding to Vlbs, Erbera also failed to find anisotropy m dividing 
St cells The observed cells were under the pressure of a cover 
slip 1 and under these conditions one would expect a gel or an 

elastic fluid to show anisotropy (see chap. b). _ . 

These results seem to indicate that the viscosity mciease 
of the protoplasm during mitosis is not due to the formation 
Of . network or anythin* of the sort in the protoplasm 

granules. They also do not favor the view that the viscosity 
can be due to any attraction of the granules for eac' 
other as might have been supposed. Almost the only inter- 
pretation that is left is to assume that the mitotic gelation > 
increase of viscosity is due to the precipitation of granulai de- 
ments within the dispersion medium which lies between the 

^“in order to test this view fertilized Arbacia eggs, during the 
of high viscosity, were centrifuged for a very long time 
a high rate of speed. If the high viscosity is due to the formation 
of new granules, and if these are moved by centrifugal foice, 
then there ought to be an increase in the volume of the accu- 
mulation of granules thrown to one side of the egg by the action 
of the centrifugal force. No such increase could be noted, and 

it occurs it is certainly not great. . j . , . 

It might thus appear that there is no possible interpretation 
could fit the facts. But there is one way out of the difficulty, 
can assume that the mitotic gelation is caused by the preei- 
out of the fluid part of the cytoplasm of granules so 
as to be for the most part invisible, and so small also that 
they would not readily be affected by centrifugal force At 
present this is merely a formal explanation, and it would need 
more supporting evidence before it, could be accepted. It is a 
point of view that can perhaps be built upon. One might assume 
that the hypothetical granules were lipoid and that they were 
dissolved by fat solvents. One might also assume that the granu- 
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les had something to do with the formation of the astral rays and 
spindle. The advantage of hypothetical granules is that one can 
assume anything about them. But until more actual evidence 
is forthcoming, we must admit that this hypothesis is too un- 
certain. 

There is another line of approach that is also interesting. 
Following fertilization in the sea-urchin egg there is a sudden 
increase in the amount of pigment given off by the eggs. This 
is rather a well known fact, and it has been used by R. S. Lillie 
’ll a as evidence for an increase in permeability following fertili- 
zation. In the preceding chapter it has been pointed out that 
escape of pigment does not depend on permeability, but rather 
on the loss of pigment from the pigment granule. Moreover it 
was noted in the last chapter that escape of pigment was always 
associated with a specific type of reaction which when it was 
complete involved a vacuole formation in the cytoplasm. Is the 
fact that pigment is given off immediately after fertilization 
evidence that the reaction which we described in the last chapter 
is really at the basis of the mitotic gelation ? Apparently it can 
not be so regarded. For in the sea-urchin egg fertilization is 
accompanied by the lifting off of a membrane. The momen- 
tarily naked protoplasm covers itself with a new film, the so- 
called hyaline layer or hyaline membrane, and this film formation 
is certainly a form of the surface precipitation reaction and as 
such probably involves a loss of pigment from the pigment 
granules. The escape of pigment following fertilization in the 
Arbacia egg thus seems to depend primarily on this reaction 
and it may have nothing to do with the mitotic gelation. On the 
other hand, it must be remembered that the occurrence of a 
* surface precipitation reaction at the periphery or cortex of the 
egg may very well and probably does involve the production of 
an excess of the substance we have called ovothrombin (see p. 226) 
Granted the formation of this substance and our problem is 
perhaps on the road toward a solution. 

In this connection it is interesting to note that Hbilbr-tjnn *27 
in some preliminary experiments reported evidence of an anti- 
thrombin-like substance as being present at some stages of the 
mitotic cycle in the Arbacia egg. One could also interpret an 
experiment of Ruxnstrom’s in this fashion. Runnstrom: *24 a 
states that when one subjects unfertilized and fertilized eggs 
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to pressure, there is a decided difference m the appearance of 1 
extraovate. The protoplasm that emerges from the unfertilized 
egg is full of vesicles (Runnstbom thinks of these as emerging 
from the egg, hut this is doubtless an error on his part), whereas 
vesicles only appear some time later in the protoplasm of the 
fertilized egg (compare Figs. 14a and b of Ruknstbom s paper). 
The vesicles figured by Runnsteom are doubtless the equivalent 
of the vacuoles so often described in the previous chapter, anc 
it is interesting to note that the vacuoles are less rapidly formed 
in the protoplasm emerging from the fertilized egg.. is n* 1 ®. 
be regarded as evidence for the presence of an antithrombm m 
the fertilized egg, but it must be remembered that the conditions 
of outflow are different before and after fertilization, and e 
speedier production of vacuoles or vesicles in the unfertilize egg 
might very well be due to a greater speed in the emergence of 

the protoplasm. . , , , ,, 

More certain evidence that mitosis may be related to the 
type of reaction considered in the previous chapter is provided 
by the experiments of Loeb (see Loeb ’13). It will he remem- 
bered that in Loeb’s later studies on artificial parthenogenesis, 
he took the stand that all agents which caused cytolysis were 
part-henogenetic agents. It is perhaps doubtful if all cytolytic 
agents do reallv cause segmentation in the sea-urchin egg. r an 5 
of them are too toxic. But there is a general tendency for a cyto- 
lytic agent to cause mitosis, providing that the exposure to which 
the egg is submitted is just of the right length. Moreover m eggs 
other than the sea-urchin egg. perhaps the most common metlioc 
of inducing segmentation is by exposure to heat, and such ex- 
posure may very well induce the type of reaction that Loeb 
called cytolysis. " Note too that invertebrate eggs, or .rather in 
the egg "of the frog, the only successful parthenogenetic method 
is the'traumatic method. The eggs are pricked with a needle, and 
as a result of this injury they begin to divide (see Gi'yer ’07, 
Bataillon ’ll). Injury by the prick of a needle must produce 
a surface precipitation reaction, and in the last chapter it was 
shown that this type of reaction is one and the same as the reac- 
tion which Loeb called cytolysis. From this line of reasoning we 
are thus able for the first time to bring together the facts regarding 
parthenogenesis of invertebrate eggs and our knowledge regarding 
parthenogenesis of the frog egg. Both types of parthenogenesis 
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depend on the same type of reaction. We are also able to under- 
stand why the introduction of blood serum into a frog’s egg is 
a more effective method of parthenogenesis than the prick of 
a needle which is not coated with such serum. It has been shown 
in the two preceding chapters that the surface precipitation 
reaction is closely related to the reaction involved in the coagu- 
lation of blood and that a thrombin-like substance is involved 
in it. What more natural to suppose than that the thrombin 
present in the serum of frog blood would favor a surface preci- 
pitation reaction in the egg of the same species? 

Finally it should be remembered that in plant tissue there 
is an abundance of experimental evidence that wounding causes 
an initiation of cell division. It is probable that in this pheno- 
menon a surface precipitation reaction takes place in the cells 
directly affected by the wound, and that as a result a thrombin- 
like substance is produced by these cells. This thrombin-like 
substance would then be responsible for the gelation in the cells 
near the wound, a gelation which is almost certainly related to 
the initiation of mitosis in these cells. Hence in this type of 
experiment also there is evidence that the reaction which we 
described in the last chapter is responsible for the mitotic gelation. 

Against the point of view that we have been developing it 
might be argued that in normal mitosis there is no evidence of 
vacuole formation within the cytoplasm*. This is apparently an 
important objection, but fortunately it can be met. In some 
experiments performed during the summer of 1927, it was found 
that ovothrombin could produce not only , surface films and 
vacuoles, but also long fibrils in the protoplasm of the sea-urchin 
egg. In these experiments the eggs were crushed in oxalated sea- 
water. In the oxalated sea-water, it w r ill be remembered, the pro- 
toplasm streams out and there is no surface precipitation reaction. 
If now some ovothrombin is added to the side of the cover slip 
which rests over the crushed eggs, the protoplasm which has 
streamed out of the eggs is suddenly seen to form beautiful long 
strands or filaments. Examined under high power these filaments 
appear quite hyaline, but along their length here and there 


* However, in eggs treated with neutral red, M. and M. Par at 
’27 describe the appearance of vacuoles during the mitotic cycle. Whether 
these vacuoles also form in the absence of neutral red is not certain. 
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protoplasmic granules are attached to them. The fdaments ox 
strands behave as thoroughly rigid structures, men they are 
pushed to one side or another by water currents of the fluid 
on the slide, they tend to resume their original positions, 
position of rest the filaments are always perfectly straight. Fiom 
these experiments it is evident that the type of reaction which 
we have described in detail in chapters 13 and 14 is capable of 
forming not only vacuoles but also filaments or si trands , which 
bear a close resemblance to our usual concept of astial iajb or 

SPU1 Thert is & thus a considerable body of evidence that reactions 
of the same type as the surface precipitation reaction really play 
a part in mitosis. So far the evidence is far from conclusive Muc i 
more work needs to be done before we can be m apposition to 
satisfactorily understand the mitotic gelation. Aeveithelt. .. 
it is believed that the point of view here developed has the deci ^ 
advantage that it offers a means of understanding all known 
facts regarding the type of agents which can cause initiation o 
cell division. In spite of the fact that different types of cell, 
are stimulated to divide by very different reagents and treat- 
ments, it now seems possible that all these reagents and treat- 
ments result in a single type of reaction, a reaction which results 
in mitotic gelation and subsequent division of the cell. 


CHAPTER XYI 

' PROTOPLASMIC ACTIVITY 

In the last chapter, one type of protoplasmic activity was 
discussed, and it was shown that the division of the cell depended 
on colloidal changes in the protoplasm. Beyond any question 
many other types of protoplasmic activity also involve colloidal 
change. The prevention of colloidal change inhibits the possi- 
bility 7 of activity. The protoplasm may be kept either in a con- 
stant fluid state, or it may be kept in a relatively stiff and gel- 
like condition. In either case the normal protoplasmic activity 
is suspended, and if this prevention of activity, or of some phase 
of activity, does not result in the death of the protoplasm it is 
said to involve a condition of anesthesia. From a colloid chemical 
standpoint, it seems probable that anesthesia is really due to the 
fact that the protoplasm is kept either very fluid or in a highly 
viscous state (compare Heilbrunst ’20 b). 

If the prevention of activity is irreversible, that is to say 
if the protoplasm is unable to recover, it is by definition dead. 
In general only those agents which cause an increased viscosity 
or a coagulation can produce an effect which is irreversible. At 
any rate no case is known in which an increased fluidity of the 
protoplasm is irreversible. We are thus led to the conclusion 
that death is the result of an irreversible coagulation of the 
protoplasm. This is by no means a new opinion. Indeed many 
authors have expressed the view that death is due to an irrever- 
sible coagulation of the protoplasm. 

There are many different types of protoplasmic activity. 
An ameba projects pseudopodia and moves from place to place, 
other protozoa travel by means of flagella. In plants there is 
typically a response to light, to gravity, and to various other 
factors of the environment. Blue green algae show peculiar 
movements which apparently depend on secretion phenomena. 
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There are -M» example, of ehenuoal *otbtty. Gland cells 
L„te an endta, variety of chemical matoml.. Muscle colls 

contract and impulses travel along nen es. , ii 

But if we examine more closely, if we study carefulh the 

facts at our disposal, it becomes apparent 

Phenomena which have much m common. Mam types ox pio 
nlasm are thrown into sudden activity, or at least react qmddy, 
to various agentssuch as an electric current or mechamcal pie. - 
mire and the response wherever it is found folio ■ 

general laws It is hardly our purpose to enter a general discussion 
of the facts regarding irritability. These facts are too well known 
end there ere too many of them. If we embarked *“«*»“ 
discussion, we might very well lose track oi one or two pomta 

it is our desire to bring forward. • t „ 

We shall endeavor to state the most impor ai l ^ 
briefly as possible. If in this discussion we refer to facts that art 
SS known, this need not weaken the force of the argument. 

In the first place, if we are to speak of protoplasmic activity, 
it mivht be well to consider what is meant by the resting state. 
For the purposes of the present argument, let us define the resting 
ftate as the state in Jhich the protoplasm normally continue 
for Tong periods. This certainly is not an ample definition for Ml 
protoplasm, or even for any type of protopksm imder ah con- 
ditions. But for us in this chapter it will prove sulfici . — 

purposes of our discussion, it will be necessary to consider st tam- 
ing protoplasm as in a state of rest, m spite of the fact that it 
is continually in motion. This is certainly a contradiction m 
terms, but the trouble lies only in the words, the concept is ch ar 
enough. The normal state for some protoplasm is a state oi slow 
motion. It remains in this state for long periods, and as far as 
is known, in many cases at least, no sudden or special changes 
in the environment exterior to the cell are necessary to maintain 
this slow motion. 

Consider now the effect of mechanical pressure or of an elec- 
tric current. Immediately, the motion of the streaming proto- 
plasm is stopped (see p. 125 and p. 132). Moreover the cessation 
of movement is not limited to the cell immediately treated, or 
so to say stimulated ; cessation of movement travels as a wave 
from celi to cell. Something has happened both to the protoplasm 
of the celi immediately affected by the physical agent and also 
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to the protoplasm of the neighboring cells, and that something 
we chose to call activity or excitation, in spite of the fact that 
either of these terms, in some instances at least, is a misnomer. 
It 'would be better if we could use some algebraic symbol. Prac- 
tically every other biological term that we might use has various 
connotations which make it just as unsatisfactory. We must 
therefore divorce ourselves from the uncertainties of word dis- 
agreements, and decide to call activity of streaming plant proto- 
plasm the state in which movement ceases*. This state is pro- 
duced by the electric current and by mechanical pressure. It is 
also produced in various other ways, but as has already been 
stated, we shall avoid completeness in order to make our argu- 
ment more forceful even if less extensive. 

The activity or excitation produced by the electric current 
or by mechanical pressure is prevented by anesthetics. In solu- 
tions of ether of about 1 to 2 percent, there is no longer any effect 
of pressure and no longer any effect of the electric current (com- 
pare Lauterbach ’21, K6ketstj ’23). 

In nerve and muscle cells the living substance reacts to 
exactly the same agents that the plant protoplasm does. When 
nerve and muscle cells are exposed to the action of an electric 
current, they are thrown into a state of activity. The muscle' 
cell contracts, and an impulse passes along the nerve fiber. 
Again, both in the case of the muscle cell and the nerve cell, 
activity is prevented hv the addition of ether in approximately 
I to 2 percent concentration. 

There is thus an absolute correspondence between the con- 
ditions which cause activity of muscle and nerve and those which 
cause what we have chosen to call activity of streaming plant 
protoplasm (compare also Hormanx ’98). We might show more- 
over that other types of protoplasm are also acted upon in some- 
what similar fashion. "When a muscle ceil responds to a stimulus, 
it contracts. Rut for the usual type of cell, practically the only 
type of physical response possible is division. Various agents 

* Ho rm axn 5 98 has developed a similar concept. For this worker, 
electrical stimulation (“Erregnng”) of streaming plant protoplasm results 
in a cessation of movement. Here too the term stimulation is not used 
in the sense in which it is ordinarily us.ed by students of protoplasmic 
streaming. 
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cause cells to divide. Electric currents and mechanical forces 

are not the best means, but they have ^ 

/™ for example Lillie and Cattell «o, Math. : 

over division is prevented by 2 percent ether. Or we might take 

the case of ameba. Its normal state is a state °f motion 

the cell has various pseudopodia extended. J 

“d mechanical pressure or chock cause a retectron of pseudo- 

S ° dl To any one who has surveyed the whole field, there can be 
no question but that in many types of protoplasm, mechanical 
pressure and electric currents, and some other ^s;h‘ch we 
have not chosen to consider, cause a definite aetn v * ' 

of the protoplasm, and this response is generally prevented b> 
low concentrations of ether or other fat solvent. The point that 
we should now like to make is that in all these types of protoplasm, 
the effect of the electric current and the mechanical pressuie 
on £1 baud, and of the fat solvent on the other, » the ™,e 
To the student of general physiology this may seem aim . - « 
trueism. To the reader of this book it must be obvious that m 
many tvpes of living substance the electric current and fat sol- 
vents have been found to produce the same effect m the one 
ease or the other, wherever this effect has been tested. In an 
earlier chapter, it was shown that electric currents 
or coagulation, or if one pleases, a great increase in protoplasmic 
viscosity, in ameba, in Tradesccmtia, in Phaseolits, mCosmarmm and 
in man. Mechanical pressure or injury causes a smulai chan 
in the protoplasm of Fim, PMseolus, Secale , BapMnus Trade - 
and %acia. Low concentrations of ether ^ fouudto 
have the opposite effect, that is to say a decrease in protoplasmic 
viscositv, i vicia,Callisia, Reticidaria, Spiwgyrajdodm , Arbacm 

The evidence as far as it goes is concordant. W henever the 
action of mechanical pressure or injury has been tested or when- 
ever the action of an electric current has been tested, both of thi s 
agencies have been found to produce a great increase m the vis- 
cosity of the protoplasm. And whenever the action ot dilute 
concentrations of fat solvents has been tested, it has been fount 
that they cause a decrease in protoplasmic viscosity . 

The reader by this time will probably perceive whither the 
argument leads. It is our aim to attempt an explanation of the 
more complex and less readily observable forms of protoplasmic 
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activity on the basis of what is known for the simpler types of 
activity. This may seem a logical procedure, but it is against 
all precedent. Heretofore the physiology of muscle and nerve 
has usually been studied and explained primarily by men trained 
in medical physiology. These workers are for the most part not 
very sympathetic with the protoplasm concept, and they have 
little or no interest for morphological study. But if it is true 
that muscle and nerve in their behavior toward various agents 
are exactly like various other more simple types of protoplasm, 
it can scarcely be doubted that the study of these simpler types 
of protoplasm will yield results of importance for the understand- 
ing of muscle and nerve physiology. 

Objection may be made, and -with justice, that the proto- 
plasm of muscle and of nerve is very different from the more 
simple types of living substance on which our viscosity data 
are based. This we must admit. But on the other hand, in the 
case of muscle for example, it has never been proven that the 
contractility of the muscle x>rotoplasm depends on the fibrils or 
striations that can be seen in it. It is probably true that all 
muscle fibers contain fibrils. And it is only logical to suppose 
that these fibrils are responsible for the contractility. Against 
this point of view is the fact that in its behavior toward the elec- 
tric current, toward mechanical pressure, and toward various 
other stimulating agents, muscle protoplasm reacts in exactly 
the same way that the simpler types of protoplasm do. And it 
reacts in the same way toward ether. In view of these facts, we 
should like to present as an alternative point of view that the 
fibrils in muscle protoplasm are not primarily concerned with 
the process of contraction. This we realize is counter to the 
opinion of practically all authorities on muscle physiology, present 
and past. But in view of the fact that muscle physiologists after 
so many years of intensive study have failed to present a, plau- 
sible theory of muscular contraction from a physical or colloid 
chemical standpoint based on the presence of fibrils, it is after 
all at least permissable to entertain the notion that the fibrils 
are not primarily responsible for the initiation of the contraction. 
Moreover, there is some direct evidence in support of this view. 

As every student of embryology know^s, the heart of the 
chick begins to beat early in the second day of incubation. The 
muscle cells which cause this beat have no fibrils. Fibrils can 

Protoplasma-Monograpbien I: Heilbrunn f9 
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r f< “ ‘■“.'■f “ 

& - -» ‘ » • m ATjpffiui was also unable to detect any fibuls 

LZtTrf to heart It ia to be acted that used 

S.wf modem historical methods. 

i U no iimven that ia vertebrate embryos generam tno 
muscle cells oi the heart can function without fibrils Similar 
results have been obtained by the students o tissue cu uic. 

fOT IvStwS^that fibrils are really present in these 
muscle Ik but teat they are invisible This is haitey ^ 
argument, for it is the presence of visible fibuh that ue a e 
denying. If ultramieroseopie fibrils were presen , . ns w 

I deferent matter from a physical point of view. ; 

Even though we present the view that fibrils do not originate 
the muscular contraction, it must not be thought that we deny that 
they play a part in the dynamics of the muscle cell m winch t cy 
are found. It is perhaps true that in some muscle cehs to 
are fibrils which bv their elasticity cause an expansion follow mg 
contraction. It is also possible that in some cells there a»^ 
which exert a tension on the cell and tend to pnli rt ingeldu^ 
that is to say to contract it. The presence o suci “ J" k 
not in the least interfere with our general scheme of mteipu taticm 
Suscle cell is doubtless acted upon by various forces, some of 
which tend to make it longer and some shorter, lie can reudm 

conceive that among the forces which tend to shorten ^ eul may 

be the tension exerted by fibrils. What m should like to dem « 
that this fibrillar tension is a rapidly variable factor in oidma N 
muscular contraction; or to be specific, that it can be made o 
develop suddenly by an electric current or by mechanical picssuu.. 

It seems a fair assumption that the activity or the comractioti 
of a muscle cell without fibrils depends on the same pliysicw 
principles that it does in a muscle cell with fibrils. If we coneen 
of sucb a muscle cell without fibrils as being exposed to an elec- 
tric current of sufficient strength to induce contraction, 
be tod to believe that the protoplasm of this cell would not 
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react to the electric current in the same manner that all other 
types of protoplasm which have been investigated have been 
found to react. And we believe also that the behavior of such a 
ceil toward ether would not differ from the behavior of all the 
other types of cells that have been studied. An actual test of 
these statements would probably not be very hard to make. 
Lewis J 23a has described the presence of Brownian movement 
in smooth and striated muscle cells in tissue culture. It would 
only be necessary to send an electric current through these cells 
and to determine whether or not the amplitude of the Brownian 
movement was affected. Similarly one could study the action 
of ether and other fat solvents. 

It should he stated that Biedermann ’09 has offered some 
interesting evidence in support of the view that contraction of 
a muscle cell is accompanied by a coagulation of its protoplasm. 
Biedermann states that in the transparent muscle of some inverte- 
brates there is a wave of opacity which follows along the course 
of the contraction. Thus the retractor muscles of Sipunculus 
nudus are a clear transparent blue in the resting condition, but 
at the least sign of contraction, the contracted region becomes 
’■white and opaque. He records similar changes in snail muscles. 

In present-day muscle physiology there is no plausible 
explanation of how an electric current or mechanical pressure 
can cause muscular contraction by acting on the fibrils of muscle 
cells. For a time there did seem to be a plausible explanation. 
Engelmann found that a violin string shortened in the presence 
af acid. Following this experiment, it was commonly believed by 
many physiologists that the production of acid in muscle cells 
led to a shortening of fibrils in the same way that acid led to the 
shortening of a violin string. This view lias now been generally 
abandoned for a number of reasons, chief among which is the fact 
that the violin string shortens only if it is composed of twisted 
fibers. The individual fibers do not shorten (see Bernstein ’15). 
We can scarcely assume that muscle fibrils are composed of 
twisted elements. 

Mechanical pressure and the electric current do actually 
cause coagulation or gelation in many types of protoplasm. If 
they have the same effect on the muscle protoplasm, we are in 
a way toward the understanding of the physical aspects of mus- 
cular contraction. 

19* 
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On ordinary proteins or on inanimate colloids generally, 
neither mechanical pressure St^LTthe 

f0 „ d to have ~ ?£%££££«**> 

Sor'glLLg action of tie 

. + i,„ nreseiice of free calcium. The calcium unit 

some substance which may be found in granules, and ^^throm m- 
like compound is the result. This thrombm-like oo mpmind then 
produces a coagulation which frequently _ tote > t e fo m rff - 
or vacuoles, but does not necessarily take ^ ^ of thTs 

pigment is present, the reaction is accompamed bj a loss 

^fere is actually some evidmice that the 

have Just outlined can ^ of 

perhaps not very good. No one has ever siuu i 

muscular contraction from this standpoint, and « 

to depend on one or two chance observations i the hteiat^ 

We shall take up first some relatively recent studies ^ ' 

on Arenicola larvae, and then some old observations of Kch.nl. 

In a series of studies of the larva of the annelid Aremcola, 
R. S. Lillie ’09, lib, 12, 13 showed that vio ent contractions 
of the musculature were always aceompanuo n 
yellow pigment. I« himself »aw the resemblance between tine 

phenomenon end the cytolysis to often fa 

eggs (see Lillie 12, p. 380, footnote). But tor Lillie, 
aid L of pigment were all nmnife.tati™ ol eu me.ea.e 
permeability of the plasma membrane. Ihat loss of P gu ent 
has nothing to do with changes in permeability is ^ 

in the case of the Arbacia egg, where the process ot pic m - 
release from the pigment granule can be studied outside o. - 
cell in the total absence of any permeable or -<emipei ma • 
.„„,oino„o This is a noint that has already been considered 
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(see p. 246). What we wish to emphasize here is that Lillie 
found in the muscle contraction of w r orm larvae, evidence in 
muscle cells of the reaction which occurs so widely in other types 
of protoplasm. In the presence of fat solvents in anesthetic 
concentration, the muscle cells did not contract and no pigment 
was given off. Lillie attributed the action of the anesthetic 
to an effect on the plasma membrane. But it can be shown in the 
case of the sea-urchin egg, that low concentrations of ether tend 
to prevent an escape of pigment from the pigment granule when 
this is outside of the egg and not surrounded by any plasma 
membrane (unpublished experiments). However, we must not 
lose track of the main point, that in the contraction of at least 
one type of muscle cell, there is evidence that a reaction occurs 
exactly comparable with the reaction which we have described 
in Chap. 14. 

The observations of Kuhne ’64. are even more interesting. 
Kuhne describes the preparation of a muscle plasma from frog 
muscle fibers, and this muscle plasma outside of the cell was 
found to give a reaction which might easily be interpreted as 
being akin to that found in the protoplasm of intact cells. In 
order to appreciate the significance of Kuhne’s observations it 
will be necessary to describe his methods of work carefully. Ordi- 
narily if one cuts or squeezes a muscle fiber no fluid emerges, 
or if fluid emerges it travels only a very short distance before a 
pronounced surface precipitation reaction sets in. In order to 
press out his muscle plasma, Kuhne worked under the very 
conditions which would prevent a surface precipitation reaction. 
From the discussion in Chap. 13, these conditions are known to 
be : first, low temperature ; second, the absence of calcium : and 
third, the absence of thrombin-like substances. In describing his 
experiments, Kuhne states: “Schneidet man die Muskeln der 
Untersehenkel von 8 — 12 durch Injection mit einprozentiger 
Kochsalzlbsung von Blut gereinigten Wasserfroschen einzeln, 
olme sie an ihren Oberflaehen zu verletzen, herunter, so kann 
man sie zu einem kompakten Haufen vereinigt bei der bezeichneten 
Temperatur in etwa 3 Stunden in einen zusammenhangenden 
festen Eisklotz verwandeln. 11 

The temperature in question was — 7 to — 10 degrees C. and 
the muscles were cut with cold knives and ground in a cold mor- 
tar. In studying the description of Kuhne’s experimental proce- 
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j lire it is interesting to note, test tnat ne — . . 

dlir 9 a 41 - 10 + w washed the muscles free of calcium 

temperatures, second that he * ashed me n 

. r V the frogs with sodium chloride solution, and tmiaiy 

similar to the ovothrombin described m Chap. 13- ^ot . 

th“t there was no blood and hence no thrombin present. All 
that there was _ ^ ^ exact detai i s 0 f the surface preci- 

e have described it, he could not have chosen 
order to avoid it. 

fluid in the cold, 
is of course 
the cold form a preci- 
■d. If a drop of 
, a coagulum 
like that of 
s more probably duo 
fob ul ins of the muscle 
triment of KfJraa’s 
round- 
part he added 
:*t serving' as a 


in all, if Ktthne had known 
pitation reaction as we — - _ 
his methods of work better in 

The muscle plasma prepared by KrH’sE is 
but forms a coagulum at room temperatures, iiiw 
to be expected. Sea-urchin eggs torn m 
pitation film as soon as the temperature is raise, 
the muscle plasma is allowed to fall into distilled n atu 
forms immediately. This may be due to a 
protoplasm toward distilled water, but is 
to an action of the distilled water on the g 
plasma. But for us the most important expe 
is that described on page 25 of his book. He divided some 
rv*. niomifl, into two parts and to one 
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It would be very interesting to find out if calcium salts play any 
part in the coagulation of muscle plasma. But even as it stands, 
Kuhne’s experiment shows that muscle protoplasm, that is to 
say the sarcoplasm, can undergo a reaction like that described 
in Chap. 14, a reaction which we have shown to be of very wide 
occurrence in both plant and animal cells. 

There are three very important aspects of protoplasmic 
activity. One is that protoplasm is made active by electric cur- 
rents, by mechanical pressure or injury, and by various other 
so-called stimuli. It has been shown that the electric current 
and mechanical injury both cause a coagulation of the protoplasm, 
and there are reasons for believing that the coagulation is due 
to the type of reaction w T e have so often considered. Secondly, 
fat solvents in dilute concentration prevent protoplasmic activity 
without killing the protoplasm. This effect of fat solvents has 
been shown to be related to the colloid chemical behavior of the 
protoplasm hi the presence of these reagents. Moreover, as has 
been mentioned previously, experiments are in progress which 
may throw some light on the manner in which the fat solvent 
produces its effect in those cells in which there is an easily ob- 
servable internal precipitation reaction. A third aspect of proto- 
plasmic activity, and one w r e have not as yet considered at all, 
is the fact that whenever protoplasm is made active, the effect 
tends to be transmitted from one part of a cell to another, and 
from one cell to another. This is an extremely important aspect 
of protoplasmic activity, and we shall therefore attempt to find 
whether our point of view offers any clues as to the possible 
mechanism of the transmission, of activity. 

The subject of transmission of activity has been studied 
mostly in nerves. In spite of the fact that very many investi- 
gators have attempted to understand the transmission of the 
nervous impulse, it must be admitted that our present theories 
are scarcely very convincing. They rest almost entirely on ana- 
logy. The transmission of the nervous impulse is compared with 
one or another phenomenon in the inanimate world. To the 
student of the colloid chemistry of protoplasm, this use of analogy 
must seem of somewhat doubtful value. It so happens that in 
spite of many attempts of various workers to draw conclusions 
regarding protoplasm from the behavior of gelatin gels and other 
materials supposedly similar to the living substance, this method 
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CHAPTER XVI 


nf »+f,ek has never yielded a single truth which could be confirmed 
£L itself ™ stvdi.d. Perhaps the present- 
day theories of the transmission of the nerve nnpo se ti P r °so 
to^e true but at present they are little more than guesses 

It would hardly be worth our while to consider every type 
of protoplasmic transmission from the standpoint of the eohoid 
chemistry of protoplasm. We shall discuss clue 5 i 
mission of activity in plant protoplasm. It has long 
that when a plant tissue is cut, there is a reaction 
travels out from the surface of the wound. Actually time are 
three aspects of this phenomenon. In the first place, x - ™ 

that the nuclei in cells near the wound moved m * 
toward the wounded surface (see Ta^gl 84, Attlee 1 
’01, Kabling ’26), and this movement passed as a 

the wounded surface. Secondly, there is a coagulation ua t 
rate a wave of increased protoplasmic viscosity that 
from the cut surface to the neighboring cells (see 
a, b, see also p. 128). Thirdly, as shown clearly 
bv Nemec ’01, there is a wave of vacuolization. In the ^ mm 
following the cut or wound, the zone m which the pro op asm 
shows vacuolization phenomena becomes progressively g r ® A • 
Doubtless the movement of nuclei, the coagulation, ant i • 
vacuole formation, are all different aspects of the same reactioi 
which travels out from the cut surface. The evidence is » roi g 
that this reaction is the same as the one defined in iap. — 
The fact that there is a marked increase in protoplasmic 
sity, that there is moreover a vacuolization, is certainly a » l,,n » 

indication that this is the case. > Wp 

We have no desire to generalize from this one instance, 
should like to point out, however, that if protoplasmic activity 
does really depend on the type of reaction which we have por- 
ted, then there is a conceivable mechanism for the transmissun. 

activity from one part of a cell to another, oi 
one cell to another. It will be remembered that the reaction 
occurs in three stages, of which the first is the liberation o im 
calcium, the second the union of this calcium with other materials 
a thrombin-like substance which we have called ovothrom- 
bhe case of the sea-urchin egg, and the third the reaction 
between this thrombin-like substance and another substance to 
form a precipitation product. The ovothrombm of the sea-ur- 
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chin egg was found to be surface active. Hence it might travel 
very rapidly over surfaces, for Brinkman andv. Szent-Gyorgyi 5 23 
have shown that surface active substances can travel over sur- 
faces at the rate of 25 cm. per second, or even faster. More impor- 
tant than this is the fact that there is evidence that the third stage 
of the reaction sets free calcium (see p. 227). If this is the case, 
the reaction may be self propagating, just as the reaction which 
travels along a train of gunpowder is self -propagating. 

It seems probable that the wave of reactions that we have 
postulated is in one way or another related to the wave of 
electric negativity which accompanies the activity of many types 
of living substance. In view of the importance of calcium in 
these reactions, it is interesting to note that, according to 
Feenstea j 26, there is no current of action in a frog retina 
perfused with calcium-free Ringer solution. These currents re- 
turn when calcium is again added to the perfusing solution. 
Further is should be noted that we have frequently stressed 
the similarity between the reactions which occur when proto- 
plasm is injured and when it becomes active. On the basis of 
this similarity it is easy to understand why the surface of 
injured and active protoplasm shows the same electrical behavior. 

In this chapter an attempt has been made to establish a 
point of view regarding the usual type of protoplasmic activity. 
That such a point of view is desirable is indicated by the fact 
that the same physical agents induce activity in widely different 
types of living substance, and that this activity may be prevented 
by a single reagent which may be used in almost the same concen- 
tration both for plant and animal cells. It has certainly been 
shown that in all those cases in which investigation has been made 
the agents which produce activity cause a coagulation, or at any 
rate a great viscosity increase, in the protoplasm, and that most 
of the reagents which prevent activity have the opposite effect. 
From this certain information it has been argued that in other 
types of protoplasm in which as yet no viscosity measurements 
have been made, activity is also due to coagulation processes and 
anesthesia in general to a prevention or reversal of coagulation.* 
Furthermore, an attempt has been made to inquire into the 
nature of the coagulation process, and some evidence has been 
gathered which indicates that the reaction, involved may be the 
specific reaction which was considered in detail in Chap. 14. 
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measurement of, 52, 53 
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action of, 146—164 
excess of, 25, 26 
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Cell division, 255—284 
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initiation of, 257—264 
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elasticity of, 99—101 
electric charge of, 180, 182 
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action of alcohol on, 204 
action of electric current on, 132, 
133 

action of pressure on, 93, 94 
action of temperature on, 112, 113 
surface precipitation reaction in, 
217, 219 

Charge, electric, see Electric charge, 
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Chloroform, 206, 210, 235, 236, 261 
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Chromic acid, 197 
Citric acid, 197 
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due to acid, 186, 187, 199 
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due to fat solvents, 205 — 210 
due to heat, 114 — 120 
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due to mechanical forces, 126 — 130 
due to radium, 139 
due to water, 211 — 213 
due to X-rays, 138, 139 
in cell division, 260 — 263, 280 
in protoplasmic activity, 285, 291, 
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Cold, effect of, 106, 122—124, 222, 
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Coleus , 263 

Colloid chemistry, definition of, 
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Colpidium , 26, 186, 219 
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Concave plasmolysis, 49, 50 
Connective tissue cells, 274 
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Cucurbita , 196 
Cumingia egg, 

action of temperature on, 1 09 — 1 1 1 , 
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surface precipitation reaction in, 
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. viscosity of protoplasm of, 66, 
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viscosity of protoplasm of, during 
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Cunningham’s correction to Stokes’ 
law, 57, 71, 212 
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Darkfield illumination, 38, 39 
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from high temperature, 113—120 
from low temperature, 122 — ’124 
Degeneration, 236, 238 
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Drosophila, 27, 111 

Bcliin ar admins, egg, 

elasticity of protoplasm of, 90, 91 
surface precipitation reaction of, 
222 
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Egg albumin, 261 
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of red blood cells, 88, 89 
of slime mold protoplasm, 91 — 93 
Electric charge, 

of cell surface, 182, 183 
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Electric charge, 

of protoplasmic particles, 146, 150, 
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Electric currents, 

action on protoplasmic viscosity 
of, 130—134 
cytolysis by, 244, 252 
stimulation by, 286 — 288 
vacuole formation by, 235, 236, 252 
Electrical methods, 52, 53 
Electrodes, 53 

Electrokmetic potential, 183 
EMeu y 

. ; action of acid . on, .. 1.02—194. 
action of electric current on, 131 
action of fat solvents on, 204, 209, 
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action of light on, 135 
cell division in, 263 
effect of injury on, 127, 128 
heat death of, 118 
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Ether, action of, 204 — 210 
as anesthetic, 2, 287, 293 
on Arhaeia eggs, 120, 203, 205—208 
on Arenicola larvae, 293 
on Callisia cells, 209, 210 
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on protoplasmic streaming, 204 
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Fat solvents, 
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presence of, at surfaces of granules, 
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relation of, to heat death, 1 19 — 122 
Fertilization, 258, 259 
Fibrils, 17, 21, 289, 290 
elasticity of, 97, 98 
Film formation, see Surface preci- 
pitation reaction, 
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Freezing, 123, 124 
Frog blood cells, 217 
Frog egg, 31 

artificial parthenogenesis of, 282, 
283 

viscosity changes in, 272, 273 
Frog muscle, 293 — 295 
response of, at different tempera- 
tures, 111 
Frog nerve, 210 
Frog tadpole, 290 
Fucus , 218 

Gelatin, 8, 9, 42, 54, 233 
Gelation, 11, 131, 143, see also 
Coagulation, 
definition of, 11 
mitotic, 261—270, 279—284 
Glycogen, 29 
Golgi apparatus, 20 
Granules, 15 — 21, 29 
formation of new, 18, 19, 115, 
143, 195 — 198, 237 
in nuclei, 84 

lipoid film at surface of, 30, 213 
pigment, 19, 20, 33, 223 — 230, 
238, 246—249 

Gravity method (of measuring proto- 
plasmic viscosity), 43, 44 

Heart muscle, 289, 290 
Heat, 

action on organisms of, 113* 114 
artificial parthenogenesis by, 261, 
262 


Heat, 

cytolysis due to, 240, 249 
vacuole formation by, 23 6 , 248 , 249 
Heat death, 113 — 122 
Helianthus , 199 

Helix , response of, at different tem- 
peratures, 111 

Hemolysis, 240 — 243, 246, 247, 254 
pigment escape in, 246, 247 
similarity of, to cytolysis, 242, 243 
Hordeum , 194, 195 
Hyacinth, 174, 181 
Hydrocharis, 135, 218 
Hydrochloric acid, 193, 197, 227 
Hydrogen ion concentration, 141, 142 
effect of changes in, 184 — 201 
of protoplasm, 31 — 33 
Hy drums, 113 

Hypertonic solutions, effect of, 14, 
234, 248, 249, 261, 263 
Hypotonic solutions, effect of, 99, 
100, 211— 213, 234, 235, 248—250 

Ice, 123, 124 
llyanassa egg, 220 
Injury, effect of, 

on cell division, 262, 263 
on protoplasmic viscosity, 126 to 
130, 288 

on vacuole formation, 130, 235, 
236, 243, 244, 296 
Injury current, 297 
Iodide, 164, 165, 251 
Iris, 219 
Iron, 26, 29 

Isoelectric point, 199, 200 
Isotropy, 37, 97, 280 

Janus green, 19 

Kerona, 215 

Kidney cells, 237, 238 

“Krampfplasmolyse”, 49, 50 
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action of acid on, 197 
cataphoresis of, 178, 179 
effect of electric current on, 130 
elasticity of, 89 
Leueophrys 216 
Light, effect of, 1 35-— 137 
Lilium , 199 
Lipoids, 19, 27 

action of cytolytic agents on, 250 
action of water on, 211, 249 
presence of, at surfaces of g*a~ 
nules, 30, 213 

relation to heat death of, 119 122 

Lithium, 149, 162, 230, 256 
Lithium carbonate, 197 
Lobster oocytes, 85 
Lupine, 172 
Lupinus , 196 
Lymphocytes, 178, 179 
Lyotropic series, 147, 149, 230 

Magnesium, 26, 146 — 149, 152, 153, 
223 

Magnetic method (of measuring 
protoplasmic viscosity), 49 
Maize pollen, 25, 28 
Mechanical coagulation, 126 
Melting point of fats, 121, 122 
Mercuric chloride, 143 
Methods, 

electrical, 52, 53 
optica], 36 — 39 
Micella, 8 

Microchemical tests, 29, 30 
Microdissection, 40 — 43, 64 
Microelectrodes, 53 
Mitochondria, 19, 238 
Mitosis, see Cell division. 
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Mitotic gelation, 261 — 270, 279 — 284 
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Mucor, 199 vW 

Mucorineae, 218 


Muscle, 14, 80, 114, 115, 119, 123 
contraction of, 289 — 295 
Muscle plasma, 293—295 
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action of ether on, 204, 208 
action of light on, 135 — 136 
action of temperature on, 107, 108 
cataphoresis in, 169, 173, 174 
chemical composition of, 28 
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surface precipitation reaction of, 
218, 219 

viscosity of protoplasm of, 61 — 64 

Nematodes, 122 
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action of radium on, 139 
action of temperature on, 104, 
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artificial parthenogenesis of, 261 
surface precipitation reaction of, 
220 
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division, 270, 279 
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action of alcohol on, 210 
Nerve 'impulse, 289, 295, 296 
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action of fat solvents on, 204 
action of light on, 135 
action of temperature on, ill, 112 
effect of pressure on. 93, 94 
pH of, 31 

surface precipitation reaction in, 
218, 219, 223 
' Nitric .-acid, 196 
Nucleolus, movement of, 85 
Nucleus, 15 

; action of X-rays and radium on, 
188 

| electric charge of material in, 181, 
182 

movement of, 123, 296 
relation of size of, to viscosity of 
'protoplasm,/ 278 
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Nucleus, 

vacuole formation in, 234 
viscosity of, 83 — 85 

Oils, plant, 121 
Oligodynamic action, 142 
Onion cells, 

action of acid and alkali on, 192, 
193 

action of barium on, 157 
cataphoresis in, 171 — 173 
cell division in, 263 
effect of injury to, 128 — 130 
vacuole formation in, 235, 236 
Oocytes, 85 
Opalina , 163 
Osmosis, 6, 7, 13, 14 
Ovothrombin, 226 
action of acid on, 227 
action of heat on, 226 
cliffusibility of, 227 
formation of filaments by, 283, 284 
reactions of, 227, 228, 252, 253 
surface activity of, 227 
Oxalic acid, 197 
Oxidation potential, 33, 34 
Oxidation reactions, 33, 259 

Paraboloid condenser, 38 
Paramecium, 

action of acids on, 186 
action of salts on, 143, 162 
action of X-rays on, 138 
eataphoresis in, 175, 176 
division of, 256, 257 
membrane of, 13, 14 
surface precipitation reaction in, 
219 

vacuole formation in, 236 
viscosity of, 81 
Pea, 172 

Permeability, 6, 7, 142, 185, 246, 
260, 277, 292 
P H , 141, 142 
of protoplasm, 31 — 33 
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Phaseolus, 

action of electric current on, 131 
action of ether on, 205, 288 
action of temperature on, 104 — 106 
action of X-rays on, 138 
effect of injury to, 128 
Phosphoric acid, 196, 197 
Phyllopods, 111 
Pkysarium , 
elasticity of, 92, 93 
viscosity of, 62, 63 
Pigment, 1 

Pigment escape, 244, 246, 281,292, 293 
Pigment granules, 19, 20 
in surface precipitation reaction, 
223—229, 246—253 
use of, as indicator, 33 
Pigs, 122 
Pilobolus , 218 
Pisum, 118 

Plasma membrane, 13, 14 
Plasmolysis, 
concave, 49, 50 
convex, 49, 50 

Plasmolysis -form method (of mea- 
suring protoplasmic viscosity), 49, 
50 

Polarization microscope, 36, 37 
Pollen, 25, 28 
Pollen mother cells, 83 
Potassium, 26, 144—149, 152—163, 
230 

Potassium carbonate, 198 
Pressure, 93, 94, 125,126,235, 287, 288 
Proteins, 27, 143, 144 
in relation to heat death, 114 — 119 
Protoplasmic streaming, 5 
action of acid on, 193, 194 
action of fat solvents on, 204 
action of light on, 135, 136 
action of radium on, 139 
action of temperature on, 1 1 1 — 113, 
119 

action of X-rays on, 138, 139 
as a measure of viscosity, 51, 52 
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Protozoa, 4, 13? 27 

action of electric current on? 
174-176 

eataphoresis in? 175, 176 
division rate of, 256 
surface precipitation reaction in. 
215-217 

vacuole formation in, 236 

Radium, action of, 137— 139, 235, 236 
Rapkanus, 129? 288 
Refractive index? 

changes in, during mitosis, 274? 275 
Reiicidaria, 

action of ether on, 208, 288 
action of temperature on, 107 
chemical composition of, 28 
elasticity of? 92? 93 
viscosity of? 62 
Retina, currents of? 297 
RMzopus, 218 
Ricinus, 198 

Root hairs, 159, 194—197? 199 
Roots, 158, 172-173, 196 
Rotifers? 

drying of? 24 

resistance to cold of, 122 
resistance to heat of? 114 

Sabellaria 27, 

Salivary corpuscles? 130? 197 
Salts, ' 

action of anions of, 164, 165 
action of cations of, 142—164 
action of metallic salts? 142—144 
Saponin, 240, 244, 251? 261 
Saprolegnia ? 199 
Barcode droplets, 215 
Saxifrcaja , 138, 139 
Sea-urchin egg, 5 
action of acid on, 186? 187 
action of cold on? 106 
actionof electric current on, 244, 252 
action of fat solvents on, 203? 
206-208? 248-250, 263, 288 


Sea-urchin egg 

action of hypertonic solutions on? 
248? 249, 261 

action of hypotonic solutions on? 

100, 101? 211-213? 248-250 
action of metals on, 143—144 
action ' of ■ salts on,' 146—152, 164 
artificial parthenogenesis of, 258? 
260—262 
astral rays of? 98 
cell division of, 261 — 26S, 271? 
275—281 

centrifuge tests of, 45 — 47, 82, 96 
changes in refractive index of, 275 
changes in viscosity of, 264 — 268, 
271 

cytolysis of? 147, 239 — 253 
elasticity of membrane of, 99 — 101 
granules of, 17—20, 30 
heat coagulation of, 116 — 119 
inelasticity of protoplasm of? 96 
membrane of, 13, 14, 99—101 
mitotic gelation of, 264 — 268, 
279—284 
pH of, 33 

salt content of, 25? 26 
size of, 14 

surface forces of? 99, 276, 277 
surface precipitation reaction of, 
220—232 

vacuole formation in, 221, 238 to 
240, 243? 246—249, 253 
viscosity of nucleus of, 85 
viscosity of protoplasm of, 61, 62? 
66—79, 82 
Svmh, 129, 288 
Seeds, 24, 122 
RipnneuhiS muscle, 291 
Slime molds, 

action of ether on, 204, 208 
action of light on? 135, 136 
action of temperature on, 107? 108 
cata phoresis in, 169, 170, 173? 174 
chemical composition of, 28 
elasticity of, protoplasm of? 91—93 
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Slime molds, 

surface precipitation reaction of, 
218, 219 

viscosity of protoplasm of, 61 — 64 
Snail muscle, 291 
Sodium, 26, 146—160, 162, 163, 
222, 229, 230, 251 
Sodium carbonate, 197, 198 
Specific gravity, 

of granules of Cumingia eggs, 75,76 
of granules of sea-urchin eggs, 69, 
71, 72 

SpJiacelaria, 273, 274 
Spirogyra , 5 

action of acids on, 187 — 192 
action of alkalies on, 198 
action of ether on, 209, 288 
action of heat on, 116 
action of light on, 135 — 137 
action of metals on, 142, 143 
action of salts on, 155 — 157 
action of X-rays on, 138 
centrifuge tests of, 47, 48 
mechanical coagulation of, 126 
Starfish egg, 33, 82 
Stenior , 

action of salts on, 148, 149, 152, 162 
surface precipitation reaction in, 
216, 219, 222, 223 
Stengmaiocystis , 122 
Stokes’ law, 55 — 59, 65, 85, 153 
Streaming of protoplasm, see Proto- 
plasmic streaming. 
Strongylocentroius egg, 82 
Strontium, 223 

Sulphoeyanate, 164, 165, 230, 251 
Sulphuric acid, 193, 197 
Surface forces, 99, 276 
Surface precipitation reaction, 
215—232, 247, 252—254 
action of cold on, 222 
calcium in, 222, 223, 229, 230 
ovothrombin in, 226 — 228 
relation of, to cytolysis, 247, 
252—254 


Surface precipitation reaction, 
similarity of, to blood coagulation, 
224—226, 231, 254 
strontium in, 223 
Surface tension, 99, 202, 203, 250 
Suspension, protoplasmic, 20, 21, 
146, 147 
Syncytium, 14 
Syringa, 199 

Tardigrades, 114, 122 
Temperature, action of, 102 — 124, 
236, 248, 249, 261, 262 
on Arbacia eggs, 106, 116, 117, 
120, 262 

on Asearis eggs, 103, 104 
on Cumingia eggs, 109, 110, 116, 
117, 123, 261 ? 

on Nereis eggs, 104, 11.0, 261 
on Nitella, 111, 112 
on Phaseolus, 104 — 106 
on protoplasmic streaming, 
111—113 

on Reticularia, 107, 108 
on Spirogyra , 115, 116 
on viscosity change during cell 
division, 268 

Temperature coefficient, 52, 105, 
117, 118 

Thermodynamic potential, 183 
Thermophile bacteria, 114 
Thixotropy, 87, 98 
Thrombin, 226, 228, 281, 294 
Thyroid extract, 256 
Tissue culture, 3, 4, 197, 238, 291 
Toluol, 203, 261 
Tradescantia , 
action of acid on, 197 
action of 'carbon dioxide on, 187 
action of electric current on, 130, 
288 

action of light on, 135, 136 - 

cataphoresis in, 174 
effect of injury to, 129, 288 
heat death of, 118 
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Transmission, 295 — 297 
Trianea , 

action of acid on, 197 
action of alcohol on, 204 
action of alkali on, 199 
action of salts on. 154, 155 
Trivalent cations, action of, 150—152 
„Tropfige Entmischung 44 , 237, 238 

Ultramicroscope, 38, 39 
Ultraviolet rays, action of, 135 137, 

257 

Urtiea, 199 
Vacuoles, 

appearance of, during cell division, 
283 

due to acids, 197 , 234 
due to alkalies, 198, 199, 234 
due to cold, 124 
due to degeneration, 236 — 238 
due to electric current, 134, 235, 
236 

due to fat solvents, 213, 23o 
due to beat, 236 
due to injury, 126, 127, 130, 235, 
236 

due to radium, 139, 235, 236 
due to water, 234 — 236, 239, 243, 
250, 25.1 

due . to X-rays, 139 
in cytolvsis, 239, 240, 247, 253 
in sea-urchin eggs, '221, 238 — 240, 
243, 240—249, 253 
in surface precipitation reaction. 

221, 247 
wave of, 296 

Vacuolization, see Vacuoles. 

V alllsneria, 

action of acids on, 197 
action of alcohol on, 204 
action of electric current on, 169 
action of ultraviolet rays on, 135 
action of X-rays on, 139 
Valonia > 218 


Vauelieria , 198, 218, 219 
Vida cells, 

action of alkali on, 199 
• effect of injury to, 128, 288 
viscosity, of protoplasm of, 51, 
55 — 60 

Violin string, 291 
Viscosity of nucleus, 83 — 85 
Viscosity of protoplasm, 

action of acids and alkalies on, 
186—201 

action of electric current on, 
, 130—133, 288 

a ei ion of fat solvents on, 204—214 
action of hypotonic solutions on, 
211—213 

action of light on ; 135 — 137 
action of metals on, 143, 144 
action of radium on, 139 
action of salts on, 143 — 165 
action of temperature on, 103—1 13, 
116, 117, 123 

action of X-rays on, 138, 139 
during cell division, 264 — 274 
effect of injury on, 128 — 130 
measurement of, 39 — 51 
measurement of, in absolute units, 
54—85 

Water, 

action of lipoids of, 211, 249 
’ coagulation produced _ by, 211 
content of, in protoplasm, 24, 120 
effect of, on viscosity, 211—218 
vacuoles produced by, 234—236. 
239, 243, 249. 250 
Wheat, 137, 159, 199 
Worm larva, 292, 293 
Wound hormones, 257, 262 
Wounds, 128, 129 

X-rays, effect of. 137—139 

least cells, 234, 249 
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